Characterisation and mitigation of the fouling of ceramic microfiltration membranes caused by algal organic matter released from cyanobacteria by Zhang, X
  
 
Characterisation and Mitigation of the Fouling of Ceramic  
Microfiltration Membranes Caused by  
Algal Organic Matter Released from Cyanobacteria 
 
A thesis submitted in fulfilment of the requirements for the degree of Doctor of Philosophy (PhD) 
 
 
Xiaolei Zhang 
Master of Engineering (Environmental), Shanghai University, China 
 
 
 
 
School of Civil Environmental and Chemical Engineering 
 College of Science Engineering and Health 
RMIT University 
 
August 2014 
 
 
  
 
 
Declaration 
 
I certify that except where due acknowledgement has been made, the work is that of the author alone; 
the work has not been submitted previously, in whole or in part, to qualify for any other academic 
award; the content of the thesis/project is the result of work which has been carried out since the 
official commencement date of the approved research program; any editorial work, paid or unpaid, 
carried out by a third party is acknowledged; and, ethics procedures and guidelines have been 
followed.  
Xiaolei Zhang 
August 2014 
 
 
 Characterisation and Mitigation of the Fouling of Ceramic 
Microfiltration Membranes Caused by  
Algal Organic Matter Released from Cyanobacteria  
Doctor of Philosophy (PhD) 
 
Xiaolei Zhang 
Master of Engineering (Environmental), Shanghai University, China 
 
School of Civil, Environmental & Chemical Engineering 
 
RMIT University, Melbourne, Australia 
 
August 2014 
 
I 
 
DECLARATION 
 
 
I hereby declare that: 
• the work presented in this thesis is my own work except where due 
acknowledgement has been made; 
• the work has not been submitted previously, in whole or in part, to qualify for any 
other academic award; 
• the content of the thesis is the result of work which has been carried out since the 
official commencement date of the approved research program 
 
Signed by 
 
Xiaolei Zhang 
 
 
 
 
 
 
 
 
 
II 
 
ACKNOWLEDGEMENTS 
 
Firstly, I would like to thank Dr. Linhua Fan, my senior supervisor, for giving me the 
opportunity to do a PhD in water science and technology and his scientific input in every 
stage of this work. I am also grateful to Prof. Felicity A. Roddick, associate supervisor, for 
her ponderable advice and positive criticisms. 
 
I also wish to thank the staff of the School of Civil, Environmental and Chemical 
Engineering, the Department of Applied Physics, the Department of Applied Chemistry and 
Australian Microscopy & Microanalysis Research Facility at RMIT University, for the 
valuable academic, administrative and technical assistance. 
 
Lastly, my parents are thanked for giving the encouragement and support I most needed 
during the time this research was carried out. 
 
Xiaolei Zhang 15 August 2014 
 
III 
 
LIST OF PUBLICATIONS 
Journal papers 
Zhang X., Fan L. & Roddick F.A., 2013. Influence of the characteristics of soluble algal 
organic matter released from Microcystis aeruginosa on the fouling of a ceramic MF 
membrane, Journal of Membrane Science 425-426, 23-29 
Zhang X., Fan L. & Roddick F.A., 2013. Understanding the fouling of a ceramic 
microfiltration membrane caused by algal organic matter released from Microcystis 
aeruginosa, Journal of Membrane Science 447, 362-368 
Zhang X., Fan L. & Roddick F.A., 2014.  Feedwater coagulation to mitigate the fouling of 
a ceramic MF membrane caused by soluble algal organic matter released from Microcystis 
aeruginosa, Separation and Purification Technology 133, 221-226 
 
Journal papers in preparation
Zhang X., Fan L. & Roddick F.A. Impact of the interaction between aquatic humic 
substances and algal organic matter on the fouling of a ceramic microfiltration membrane  
 Zhang X., Fan L. & Roddick F.A. Impact of UV/H2O2 on the mitigation of the fouling of a 
ceramic microfiltration membrane caused by algal organic matter released from Microcystis 
aeruginosa 
 
Conference papers 
 Zhang X., Fan L. & Roddick F.A., 2012. Characterisation of AOM fouling of a ceramic 
microfiltration membrane, in Proceedings of ACEM’12, 26-29 August, Seoul, Korea (Oral 
presentation) 
Zhang X., Fan L. & Roddick F.A., 2013. Characterisation of the fouling of a ceramic 
microfiltration membrane caused by soluble algal organic matter released from Microcystis 
aeruginosa, in Proceedings of IMSTEC’8, 25–29 November, Melbourne Australia (Oral 
presentation) 
IV 
 
NOMENCLATURE 
ACH: Poly (aluminium) chlorohydrate  
AMWD: Apparent molecular weight distribution 
AP: Aromatic protein 
BV: bed volume 
CHA: Hydrophilic charged fraction 
COD: Chemical oxygen demand 
Da: Dalton (= g mol-1) 
DAX-8: Acrylic ester resin 
DLS: Dynamic lighter scattering 
DOC: Dissolved organic carbon 
DOM: Dissolved organic matter 
DBPs: Disinfection by-products  
EDTA: Ethylenediaminetetraacetic acid 
EEM: Excitation-emission matrix 
EfOM: Effluent organic matter 
EPS: Extracellular polymeric substances 
FA: Fulvic acid 
HA: Humic acid 
HPI: Hydrophilic fraction (= hydrophilic charged 
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HS: Humic substances 
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carbon detection 
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RO: reverse osmosis 
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SMP: Soluble microbial products 
SUVA: specific UV absorbance (UV absorbance 
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TMP: Transmembrane pressure [Pa] 
TOC: Total organic carbon 
TPI: Transphilic fraction 
TSS: Total suspended solids 
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UMFI: Unified membrane fouling index 
UV: Ultraviolet 
UVA254: UV absorbance at the wavelength 254 
nm [cm-1] 
UVD: UV detection/detector 
XAD-4: Polyaromatic resin 
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J: Flux 
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0ε : Membrane surface porosity at time t  = 0  
µ
: Dynamic viscosity [Pa s] 
λ : Wavelength 
ζ : Zeta potential 
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SUMMARY 
Ceramic microfiltration (MF) membranes have been used increasingly in water and 
wastewater treatment over the past decade due to their inherent advantages over 
conventional polymeric membranes, such as higher selectivity, higher mechanical and 
chemical stability. However, membrane fouling remains a major drawback for most of the 
membrane-mediated water treatment processes.  Blooms of cyanobacteria occur frequently 
in many drinking water catchments and result in the release of a substantial amount of 
soluble algal organic matter (AOM) to the downstream water treatment systems, causing 
great concerns about water quality and treatment efficiency. Although several recent studies 
have demonstrated that the presence of AOM in feedwater can cause severe fouling to 
polymeric MF and ultrafiltration (UF) membranes, there is generally lack of information 
about the fouling behaviour of AOM on the ceramic water treatment membranes. A better 
insight into the AOM fouling of the ceramic membranes is essential for the effective design 
and operation of the treatment processes. The primary objective of this study was to 
investigate the key factors contributing to the fouling of a commercially available ceramic 
MF membrane caused by soluble AOM released from Microcystis aeruginosa at laboratory 
scale. The process variables studied included AOM characteristics, solution chemistry, 
transmembrane pressure (TMP) and humics-AOM interaction. Feedwater pre-treatments 
including chemical coagulation and oxidative treatment using UV/H2O2 were evaluated for 
mitigating the fouling caused by the AOM.  
 
In the study of the influence of the characteristics of AOM on the fouling of a ceramic MF 
membrane (ZrO2–TiO2, 0.1µm) which was operated in dead-end mode and under the 
constant TMP of 70 kPa, it was observed the AOM (3 mg DOC L-1) extracted from the M. 
aeruginosa culture at the three phases of growth (10, 20 and 35 days) all caused severe flux 
decline, and its fouling potential increased with increasing growth time. Characterisation of 
the AOM using size exclusion chromatography, fluorescence excitation–emission matrix 
spectra and organic matter fractionation showed that the high molecular weight (MW) 
biopolymers were the major component determining the severity of the flux decline for the 
ceramic membrane.  
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The impact of feed solution chemistry including AOM (35th day of algal growth, stationary 
phase) concentration, pH and ionic strength as well as membrane operating pressure on the 
membrane fouling was then evaluated. The higher AOM concentration led to higher flux 
decline and greater irreversible membrane fouling. No apparent impact of pH was observed 
on the flux and fouling reversibility at the pH range of 6-9. Higher ionic strength of the 
AOM solution led to greater flux decline and lower reversibility. This was most likely due 
to the increased density of the foulant layer as a result of the reduced repulsion between 
AOM molecules at high ionic strength environment. Increased AOM fouling potential was 
observed by increasing the TMP (50-100 kPa). This was attributed to the compressible 
AOM foulant layer which was getting more compact at higher TMPs. 
 
To obtain a further understanding on the interaction between AOM and ceramic membrane, 
the role of AOM components in the fouling of the ceramic membrane was 
investigated.  The organic matter extracted from the three operationally-defined fouling 
layers (i.e., outer, middle and inner layer) was characterised. It was revealed that the 
majority of the flux decline in the MF was attributed to the large amount of organic matter 
(51% of total DOC of feed, primarily very high MW hydrophobic molecules) deposited on 
the ceramic membrane surface. The middle layer contained a very small amount of organics 
(3%), mainly very high MW hydrophilic molecules, and contributed very little to the flux 
decline. The inner layer (22% of total DOC), which was responsible for the hydraulically 
irreversible fouling, was dominated by the high and low MW hydrophilic compounds.  
 
As aquatic humic substances are ubiquitous in surface water, the influence of the 
interaction between these substances and the AOM on the fouling of the ceramic MF 
membrane was also studied. In the MF tests, feedwater containing AOM alone resulted in a 
significantly greater flux decline compared with that containing Suwannee River humic 
acid (HA), fulvic acid (FA) or natural organic matter (NOM) at a comparable organic 
concentration of 2 mg DOC L-1. The feedwater containing the mixture of AOM with HA, 
FA or Suwannee River NOM exhibited a similar flux pattern compared with AOM alone in 
the single-cycle filtration tests, indicating the flux decline was predominantly controlled by 
the AOM in the early filtration cycles. The irreversible fouling resistance resulting from the 
mixtures was markedly higher compared with all individual organic fractions. Dynamic 
light scattering (DLS) and size exclusion chromatography analyses showed an apparent 
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increase in average molecular size for the AOM-humics mixtures, and some UV absorbing 
molecules in the humics appeared to participate in the formation of larger molecules with 
the AOM. The significantly increased irreversible fouling for the organic mixtures was very 
likely due to the formation of AOM-humics heterocomplexes, leading to the increased 
adsorption and/or entrapment of these organics in the internal pore structure of the ceramic 
membrane.   
 
Feedwater coagulation using aluminium sulphate (alum), aluminium chlorohydrate (ACH), 
ferric sulphate and ferric chloride for the fouling reduction was investigated as a potential 
means to mitigate the membrane fouling. At their optimum dosages (i.e., 5 mg Al3+ L-1 and 
10 mg Fe3+ L-1), all coagulants could significantly mitigate the membrane fouling, with the 
hydraulically reversible and irreversible fouling resistance reduced by over 90% and 65%, 
respectively. The reduction in AOM fouling of the membrane was primarily due to the 
effective removal of the very high MW biopolymers.  
 
The impact of UV/H2O2 feedwater pre-treatment on the fouling mitigation during the multi-
cycle MF of AOM was also investigated and compared with the coagulation using ACH (5 
mg Al3+ L-1). In addition, the fate of the microcystin-LR (15 µg L-1) spiked into the feed 
solutions during the UV/H2O2-MF and coagulation-MF was also determined. Both the 
UV/H2O2 and coagulation treatment achieved 90% reduction in total fouling resistance, 
which was mainly due to the effective degradation/removal of the very high MW 
hydrophobic fraction of the AOM. However, UV/H2O2 treatment of AOM generated more 
low MW compounds which resulted in less flux recovery compared with the coagulation. It 
was demonstrated that UV/H2O2 could degrade the microcystin, whereas coagulation with 
ACH was ineffective to remove the algal toxin.  
 
The key findings from this study and their practical implications are summarised as below: 
 
• The AOM extracted from M. aeruginosa culture at three phases of growth (10, 20 
and 35 days) all caused severe flux decline, and its fouling potential increased with 
increasing growth time. 
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• The flux decline during MF of AOM was primarily attributed to the weakly bound 
outer fouling layer on membrane surface, which contained mainly the very high 
MW hydrophobic substances. 
• The mixture of AOM and humic substances led to significantly greater irreversible 
fouling compared with the individual organic matter, which was very likely due to 
the formation of AOM-humics heterocomplexes, leading to the increased adsorption 
and/or entrapment of these organics by the internal pore structure of the ceramic 
membrane.   
• Both the UV/H2O2 and coagulation feedwater treatments achieved a significant 
fouling reduction, which was mainly due to the effective reduction in the very high 
MW hydrophobic fraction of the AOM. 
 
Major implications 
 
• Monitoring algal growth can be important for the effective prediction of fouling and 
implementation of maintenance measures for ceramic membrane systems during 
cyanobacterial blooms;  
• When operating dead-end MF systems, a periodic cross-flow flush may be a simple, 
and likely a more cost-effective method, to restore permeate flux compared with 
backwash;  
• The presence of AOM in the influent of the ceramic membrane filtration systems for 
drinking water treatment can result in serious flux decline and markedly increased 
hydraulic irreversible fouling, and hence the need for higher frequency of hydraulic 
and chemical cleaning for the membranes; 
• UV/H2O2 feed pre-treatment can efficiently remove the algal toxins in feedwater. 
However, more frequent chemical cleaning may be required, as it causes higher 
hydraulically irreversible fouling potential compared with coagulation.  
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CHAPTER 1 INTRODUCTION 
 
1.1 Project background 
Low-pressure membrane processes (LMP) such as microfiltration (MF) and ultrafiltration 
(UF) are widely used in drinking water and wastewater treatment due to their high cost 
effectiveness (Lee et al., 2004). The use of ceramic membranes for water treatment has 
become popular in recent years as the ceramic membranes possess many advantages over 
the conventional polymeric LMP membranes, including higher selectivity, higher 
mechanical and chemical stability, and higher hydrophilicity (Hofs et al., 2011). However, 
membrane fouling due to the presence of naturally occurring organic matter in the 
feedwater remains a major drawback for most industrial membrane water treatment 
processes (Bacchin et al., 2006), which can lead to reduced productivity, deteriorated 
permeate quality, increased energy consumption and treatment cost, as well as shorter 
membrane life span (Bartels et al., 2005). Worsening eutrophication problems in many 
aquatic systems can lead to the blooms of harmful algae such as cyanobacteria, resulting in 
a large amount of soluble algal organic matter (AOM) entering  water treatment processes 
and hence causing problems in water quality and treatment efficiency (Babel and Takizawa, 
2010). The algal organic compounds are typically hydrophilic and comprise high molecular 
weight proteins and polysaccharides (Her et al., 2004), which have been widely regarded as 
responsible for the significant fouling during membrane filtration processes (Chiou et al., 
2010). 
 
Several studies have demonstrated that the AOM can cause severe fouling of polymeric 
MF/UF membranes, leading to significant reduction of membrane permeability (Lee et al., 
2006; 2010; Goh et al., 2011; Qu et al., 2012b). However, very limited information has 
been published on the effect of AOM on ceramic membranes which are significantly 
different from polymeric membranes in terms of physical, chemical and mechanical 
properties. A better understanding of the interaction between AOM and ceramic 
membranes is required, as it is critical for the water industry to seek effective approaches to 
deal with the fouling of ceramic membranes due to the presence of the AOM in the source 
waters. 
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It has been established that membrane fouling can be affected by a number of factors 
including the characteristics of the organic matter present in the feedwater and membranes, 
solutions chemistry and operating conditions (Palecek and Zydney, 1994; Jones and 
O’Melia, 2001). Some recent studies showed that the effect of molecular interaction 
between humic substances and biopolymer like substances (such as polysaccharides and 
proteins) could greatly affect the fouling of low pressure polymeric membranes, as they can 
form large aggregates through molecular interaction  (Xiao et al., 2013; Myat et al., 2014b).  
However, the origin of the commercial humic acids used in those studies was not well 
defined, and they were probably derived from soil, coal or peat, which might not be the best 
representatives of aquatic humic substances (Malcolm and MacCarthy, 1986). To date, 
there is no published information regarding the effect of the interaction between AOM and 
the aquatic natural organic matter (NOM) and its humic fractions (i.e., humic acid (HA) and 
fulvic acid (FA)) derived from natural surface waters on the fouling of ceramic water 
treatment membranes.  
 
Feedwater pre-treatment is a common approach to transform/remove the high fouling 
potential components, and consequently mitigates their fouling propensity to the water 
treatment membranes (Shon et al., 2006b). Among the various pre-treatment methods, 
chemical coagulation with aluminium based salts or ferric based salts is widely used for the 
removal of high molecular weight organics from water and waste water (Fan et al., 2008; 
Liang et al., 2009). The effectiveness of organic removal through coagulation can be 
strongly affected by the characteristics of feedwater, and the type and dose of the coagulant 
(Kabsch-Korbutowicz, 2005b). A previous study showed coagulation could improve the 
filterability of a biologically treated municipal wastewater containing the AOM derived 
from Microcystis aeruginosa for a polymeric MF membrane (Goh et al., 2011). However, a 
comparison of the effect of the most commonly used water treatment coagulants (such as 
aluminium and iron based coagulants) in reducing AOM fouling of ceramic membranes has 
not been conducted.  
 
Advanced oxidation processes (AOP) such as UV/H2O2 have been utilised to degrade the 
organic compounds derived from algal blooms in drinking water treatment (Ou et al., 2011) 
AOP can generate highly oxidising hydroxyl radicals (·OH) to break down large organic 
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matter into smaller molecules (Liu et al., 2012), having the potential for improving the 
membrane flux (Song et al., 2004). In addition, AOP can be effective in degrading some of 
the cyanobacteria derived organic compounds such as algal toxins, and hence would be 
beneficial to product water quality (He et al., 2012).  To date, very limited work has been 
done to investigate the effect of UV/H2O2 process as the feedwater pre-treatment for 
improving the performance of low pressure membranes (Malek et al., 2006b).  
 
1.2 Objectives 
As such, this study was aimed to investigate: 
• the fouling potential of AOM released from M. aeruginosa on the ceramic MF 
membranes 
• the major components in the AOM governing the fouling of ceramic MF 
membranes 
• the role of the interaction between AOM and aquatic humics on the fouling  of 
ceramic MF membranes 
• the effect of coagulation feed pre-treatment  using various coagulants  on the 
mitigation of AOM fouling 
• the effect of UV/H2O2 feedwater pre-treatment in mitigating AOM fouling  
 
1.3 Thesis outline 
The background and objectives of the study are described in Chapter 1. This is followed by 
a literature review of the characteristics of AOM and the membrane fouling as well as feed 
pre-treatment (Chapter 2). Chapter 3 includes the descriptions of the experimental materials 
and methods. The study of the influence of the characteristics of AOM on the fouling of a 
ceramic MF membrane is presented in Chapter 4. The impact of the feed solution chemistry 
and operating conditions on the AOM fouling is discussed in Chapter 5. Chapter 6 provides 
a further understanding of the interaction between AOM and ceramic MF membrane. The 
impact of the interaction between aquatic humic substances and algal organic matter on the 
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membrane fouling is discussed in Chapter 7. Chapters 8 and 9 report on the investigation 
into the effect of coagulation and advanced oxidation pre-treatments of feedwater on the 
mitigation of AOM fouling. The final chapter (Chapter 10) includes the conclusions drawn 
from this work, the major implications for industry and suggestions for further research.  
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CHAPTER 2 LITERATURE REVIEW 
 
Since this work was aimed at investigating the major factors contributing to the ceramic 
membrane fouling caused by algal organic matter (AOM) released from cyanobacteria and 
the approaches to mitigate the fouling, a literature study regarding to the current knowledge 
and research advancement in this area was conducted in order to identify the knowledge 
gaps and establish the critical research questions for this work. The literature review covers 
the following four aspects: (i) natural organic matter in waters; (ii) characteristics of 
cyanobacteria and the AOM release by cyanobacteria; (iii) application of water treatment 
membrane and membrane fouling; (iv) the fouling mitigation approaches.  
 
2.1 Natural organics in waters 
The purposes of this part of the literature review were to: 
• present the physical and chemical characteristics of aquatic natural organics; 
• describe the characteristics of algal organic matter and their impact on water 
treatment;  
• introduce some of the characterisation methods for natural organic matter.  
 
2.1.1 Natural organic matter 
2.1.1.1 Origin and properties of NOM 
Aquatic natural organic matter (NOM) is ubiquitous in natural water bodies, and it 
possesses a large variety of functional groups (such as hydroxyl, phenolic, carboxylic acids 
and carbonyl groups), and molecular weight of NOM is depending on its source, properties 
of the water body, and the chemical and biological degradation pathway it has undergone 
(McDonald et al., 2004). The presence of NOM in water catchment is widely regarded as 
one of the major problems associated with drinking water treatment such as colour, odour, 
disinfection by-products, biofilm growth, and membrane fouling  (Stevens and Symons, 
1977; Zularisam et al., 2006). NOM can be classified into autochthonous and allochthonous 
by origin (Lee et al., 2006).  Allochthonous NOM is organic matter derived mostly from 
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degraded terrestrial plant and animal matter which has been introduced to a water body. In 
general, it is predominantly aromatic and has high lignin content.  Autochthonous NOM is 
the organic matter derived from sources within the water body, such as algae. It is largely 
aliphatic with high concentrations of carboxylic acid functional groups (McKnight and 
Aiken, 1998; Pivokonsky et al., 2006; Lee et al., 2006).  
 
2.1.1.2 Characteristics of NOM 
NOM can be separated into three major groups based on their abundance, which include 
humic acid, fulvic acid  and hydrophilic compounds (Ma et al., 2001). The order of the 
aromaticity of NOM fractions was humic acid > fulvic acid > hydrophilic acids (Krasner et 
al., 1996). Humic substances have very high molecular weight and aromaticity. They are 
primarily derived from degraded animal and plant tissues, which are predominantly 
hydrophobic in property. In natural waters, humic substances can contribute approximately 
one-third to one-half of the DOC (Leenheer and Croué, 2003; Zularisam et al., 2006). 
Hydrophilic compounds in NOM mainly contain simple organic compounds including 
carboxylic acids, amino acids, carbohydrates and hydrocarbons, which may have either a 
charged or neutral surface (Drikas, 2003). Complex polyelectrolytic acids and organic acids 
(volatile fatty acids and hydroxylic acids) were the major components of the transphilic 
acids in NOM (Leenheer, 1981). Humic substances and hydrophilic acids are abundant in 
natural surface waters. Approximately 40-80% of the DOC of a natural river water is 
contributed by humic-like substances, while the rest is from other simple organic 
compounds (Hessen and Tranvik, 1998; Drikas, 2003).  
 
2.1.2 Algal organic matter (AOM) 
2.1.2.1 Algae 
Algae are a type of aquatic plants relying on photosynthetic and inorganic nutrients such as 
nitrogen and phosphorus (Lee, 2008). Algae are ubiquitous in natural surface water, 
reservoirs and water treatment catchments (Her et al., 2004), where they can release some 
organic compounds from either dead or living cells into water, which may cause the taste 
and odour problems in drinking water (Palumbo et al., 2008). The presence of large 
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quantity of algae in the water can result in the decrease of dissolved oxygen and 
microelement (P, Ca, Mg, K, heavy metals) level in water, which could cause massive 
death of fish (Palumbo et al., 2008). Besides, some of the algal species can produce toxins 
which have potential risks towards human health and animals (Hawkins et al., 1985). 
 
Algae can be classified into the following phyla: 1) Chlorophyta (green algae), 2) 
Phaeophyta (brown algae), 3) Cyanophyta (blue-green algae or cyanobacteria), 4) 
Pyrrhophyta (dinoflagellates), 5) Chrysophyta (yellow-Green or golden-brown algae), 6) 
Euglenophyta, 7) Cryptophyta (Cryptomonads), 8) Rhodophyta. This work mainly focused 
on cyanobacteria, as the cyanobacterial bloom in water catchments poses great threats to 
the conventional water treatment process (Ndong et al., 2014)  
 
2.1.2.2 Cyanobacteria 
Cyanobacteria, also known as blue-green algae, are a phylum of photosynthetic bacteria. 
They are found in various water bodies including terrestrial, marine, fresh or brackish 
water. Aquatic cyanobacteria are known for their blooms which frequently occur in 
both freshwater and marine environments. Cyanobacterial bloom could lead to the 
formation of huge cyanobacterial biomass (Shao et al., 2014). The massive accumulation of 
cyanobacterial biomass in water poses great threat to the environment and human health, as 
the blooms can cause  hypoxia, bad taste and odours as well as toxin production (Wu et al., 
2010).  
 
2.1.2.3 Microcystis aeruginosa 
Microcystis aeruginosa is one of the most common freshwater cyanobacteria species 
responsible for the nuisance blooms (Vasconcelos et al., 1996). The presence of M. 
aeruginosa in water treatment plant can form buoyant cell colonies and release large 
quantities of mucous algal organic matter, which usually interferes with the operation of 
water treatment (Costas et al., 2008).  
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M. aeruginosa is known to produce cyanobacterial hepatotoxins termed microcystins 
(Carmichael, 1992). Microcystins can cause liver tumours and cancer in humans and 
animals, as they can inhibit the eukaryotic protein phosphatases. 
 
Numerous studies have been carried out to investigate the problems caused by 
cyanobacterial bloom involving M. aeruginosa in water treatment. These problems 
included increasing demand of coagulant dose; clogging of filtration units; increased 
chlorine demand leading to potential THM formation (Collingwood, 1979; Hutson et al., 
1987; Safarikova et al., 2013). As a result, removing M. aeruginosa and the algal organic 
matter secreted from water or wastewater is fairly important for efficient water treatment. 
 
2.1.2.4 Characteristics of algal organic matter 
Algal organic matter (AOM) in the natural water body or water catchment involves 
extracellular organic matter (EOM), surface retained organic matter (SOM) and 
intracellular organic matter (IOM), where EOM and SOM are generated from metabolic 
excretion and IOM is produced as a result of  autolysis of cells (Pivokonsky et al., 2006). 
AOM largely comprises of hydrophilic, high molecular weight compounds (Her et al., 
2004), including neutral and charged polysaccharides, proteins, oligosaccharides, nucleic 
and amino acids, peptides, lipids and traces of other organic acids (Fogg, 1983). According 
to some recent studies, the composition of AOM greatly varies depending on a number of 
factors including the algal species and their growth phases, the age and conditions of the 
culture. Pivokonsky et al. (2006) studied the differences in the composition of intracellular 
organic matter (IOM) and extracellular organic matter (EOM) of AOM produced by the 
cyanobacteria Anabaena flos-aquae and M. aeruginosa, and the green alga Scenedesmus 
quadricauda. A larger portion of proteins were found in the cyanobacteria cultures 
compared to the green algae. It was also found that IOM contained a significantly greater 
portion of proteins compared with the EOM. The composition of single proteins in the 
AOM did not change during the exponential and stationary growth phases, the only changes 
occurred in their concentrations. Henderson et al (2008) characterized the AOM isolated 
from four algal species: the cyanobacterium, M. aeruginosa; the green Chlorella vulgaris; 
and the diatoms, Asterionella formosa and Melosira sp. They found the characteristics of 
the AOM isolated from different algal species were different in terms of DOC, SUVA, 
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fluorescence, molecular weight, hydrophobicity, zeta potential, protein and carbohydrate 
concentration. However, some similarities for all the samples were observed, i.e., the AOM 
was dominated by hydrophilic, negative charged and low UV absorbing compounds. 
 
2.1.2.5 Impact of AOM on water treatment 
It has been reported that the EOM in water can interact with NOM, resulting in enhanced 
membrane fouling, and affect the floc formation during the coagulation process 
(Pivokonsky et al., 2006; Lee et al., 2006). For SOM, Takaara et al. (2010) reported that the 
lipopolysaccharides (LPS), a hydrophilic component of the SOM of M. aeruginosa, could 
exhibit a potent inhibitory effect on the coagulation using polyaluminium chloride (PACl). 
Algal toxins (such as microcystin), tastes and odours (e.g., 2-methyl isoborneol (2-MIB), 
geosmin), mainly contained in IOM, can be released from M. aeruginosa during their 
biological cell decay or physicochemical cell destruction (Lam et al., 1995; Chow et al., 
1997; Li et al., 2012), which could pose great threat to the conventional drinking water 
treatment. The microcystins are very difficult to  remove by conventional water treatment 
processes such as coagulation (Himberg et al., 1989). However, they can be easily 
decomposed by the advanced oxidation process treatment (He et al., 2012). IOM has also 
been reported to be able to interfere with the conventional coagulation process. Takaara et 
al. (2007) found that IOM of M. aeruginosa could reduce the coagulation efficiency to a 
greater extent compared with the EOM. Besides, Fang et al.(2010) and Zhou et al. (2014) 
found that IOM derived from M. aeruginosa had higher disinfection by-products (DBP) 
formation potential than EOM. However, the DBP precursors in both EOM and IOM could 
be significantly removed by biological processes. 
 
This study mainly focused on the impact of EOM (referred to AOM in the following 
chapters) on the membrane fouling, as the algal EOM have been identified as the major 
foulants for the fouling of conventional low pressure membranes caused by algae-rich 
water (Li et al., 2014) 
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2.1.3 Characterisation of aquatic organic matter 
In order to understand the behaviour of organic matter in water treatment process, it is very 
important to characterise its structural and chemical properties. A number of 
characterisation techniques have been deployed to characterise the organic matter in water 
including size exclusion chromatography with organic carbon detector or UV detector 
(SEC-LC-OCD/UVD), fluorescence excitation-emission matrix (EEM) spectra, Fourier 
transform infrared spectroscopy (FTIR), dynamic light scattering (DLS), pyrolysis gas 
chromatography mass spectroscopy (Py-GC-MS) and nuclear magnetic resonance (NMR). 
Some of the analytical techniques are briefly described below. 
 
2.1.3.1 Organic carbon content and ultraviolet/visible light (UV/vis) absorbance 
measurement 
Some simple techniques such as dissolved organic carbon (DOC) content and UV 
absorbance at 254 nm can be used to characterise the organic matter in water. DOC and 
UVA254 retained by membranes during the filtration processes were frequently used to 
characterise the organic foulant attached on membranes (Fan et al., 2008; Zheng et al., 
2009). Moreover, the specific UV absorbance (SUVA) which is derived from the ratio of 
UVA254 to DOC can provide information regarding the relative amount of humic and non-
humic fractions of dissolved organic matter in a water body (Weishaar et al., 2003). 
 
2.1.3.2 Carbohydrate and protein content 
The carbohydrates and proteins in AOM are considered as critical in causing severe fouling 
of low pressure  membranes (Qu et al., 2012b), as they are the major components of the 
biopolymers in AOM (Henderson et al., 2008). Thus, the quantitation of carbohydrates and 
proteins of the organics attached on the membrane during the filtration process could 
provide some insights into the organic composition of the foulants. Generally, 
carbohydrates and protein can be measured using phenol-sulphuric method (Dubois et al., 
1956) and bicinchoninic acid (BCA) method (Qu et al., 2012a), respectively. 
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2.1.3.3 Transparent exopolymer particles 
Transparent exopolymer particles (TEP) have been defined as a class of large, transparent 
and particulate acidic polysaccharides, which can be stained with Alcian blue (Alldredge et 
al., 1993). TEP are considered as a kind of suspended extracellular polymeric substances 
(EPS) which can be formed from phytoplankton such as algae (Passow, 2002). It has been 
reported that the concentration of TEP in feed water had a significant relationship with the 
membrane fouling during the MF/UF of the water containing algae (Villacorte et al., 2013). 
To date, there have been several analytical methods developed for TEP measurement. Of 
them, a spectrophotometric method developed by Passow and Alldredge (1995) is the most 
commonly used technique in recent studies (Villacorte et al., 2009; Meng et al., 2013; 
Meng and Liu, 2013). However, this method still has some disadvantages (e.g., it is only 
valid for the determination of TEP larger than 0.4 µm and it can only express TEP 
concentration relative to standard substances), which may limit its application in current 
studies. 
 
2.1.3.4 Fluorescence excitation-emission matrix (EEM) spectra 
Fluorescence excitation-emission matrix (EEM) spectra are an attractive technique for 
organic characterisation, as it has lots of advantages such as rapid and reagentless assay, 
and high sensitivity (Hudson et al., 2007). Each EEM spectrum consists of a series of 
emission scans recorded from a single sample at incrementing excitation wavelengths. Thus 
the resultant EEM spectra is a 3D diagram (excitation × emission × intensity) (Henderson et 
al., 2009).  
 
One of the most important features of the EEMs technique is the large amounts of data 
collected from each sample, which required further interpretation using a wide range of 
approaches (Henderson et al., 2009).  These approaches include conventional “peak pick” 
method (Hudson et al., 2007), principal component analysis (PCA) (Peldszus et al., 2011) 
and parallel factor analysis (PARAFAC) (Ishii and Boyer, 2012). 
 
Chen et al. (2003b) divided EEM spectra of freshwater aquatic organic matter into five 
regions (I to V). Regions I (Ex/Em: 220-270 nm/280-330 nm) and II (Ex/Em: 220-270 
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nm/330-380 nm) correspond to aromatic proteins, and region III (Ex/Em: 220-270 nm/380-
540 nm) is associated with fulvic acid (FA)-like substances. Regions IV (Ex/Em: 270-440 
nm/280-380 nm) and V (Ex/Em: 270-440 nm/380-540 nm) represent soluble microbial 
products (SMPs, e.g., polysaccharide-like materials) and humic acid (HA)-like materials, 
respectively. However, Hudson et al. (2007) indicated that the peaks for fulvic acid and 
humic acid were not confined to regions III and V reported by Chen et al. (2003b). Ishii and 
Boyer (2012) also concluded that region III and V did not just represent the fulvic acid and 
humic acid substances,  where several other overlapping components (i.e.  terrestrial-
derived organic matter) were also found in these regions. They also suggested that 
conducting PARAFAC analysis to decompose the EEM spectra was essential to accurately 
determine the occurrence of these peaks in the EEM spectra of the water samples. 
 
In addition, some problems have been associated with the measurement of fluorescent 
organic matter in natural water samples (i.e. inner-filter effect, Rayleigh and Raman 
scattering), which could alter the EEMs data. As a result, appropriate correction is needed 
to ensure the data quality (Larsson et al., 2007). A number of mathematical correction 
approaches have been suggested from various reports (Zepp et al., 2004; Bahram et al., 
2006; Larsson et al., 2007).  Murphy et al. (2010) conducted a large scale interlaboratory 
study aiming at setting up a standard procedure for EEMs correction.  They found unified 
corrected EEMs data were less variable than the EEMs corrected by the procedure used by 
individual laboratories. They also suggested that normalising sample intensities to the 
Raman signal could facilitate the comparison of EEMs obtained from different instruments. 
 
Fluorescence EEM has been frequently used to characterise the organic composition of 
AOM. Henderson et al. (2008) found the EEM for the algal organic matter from different 
algal species and growth phases were different. The AOM released from M. aeruginosa at 
the stationary phase showed strong peaks at tryptophan like (protein-like) region. However, 
additional fluorescence located in regions related to SMP, humic and fulvic-like substances 
was also detected in some other studies (Her et al., 2004; Li et al., 2012; Qu et al., 2012b). 
 
2.1.3.5 SEC-LC-OCD/UVD 
   17 
 
Size exclusion chromatography (SEC) using liquid chromatography with organic carbon 
detection or UV detection (LC-OCD) gives the information regarding to the apparent 
molecular weight distribution (AMWD) of the non-UV-absorbing and UV-absorbing 
compounds in water (Her et al., 2002). Generally, this technique separates aquatic organic 
compounds (such as NOM) into different fractions based on their apparent molecular 
weight. These fractions are defined as biopolymers (such as polysaccharide and proteins), 
humic substances (HS), building blocks (hydrolysates of humic substances), low molecular 
weight (LMW) acids and LMW neutrals (such as alcohols, aldehydes, ketones and amino 
acids) according to their MW characteristics and their UVD and organic nitrogen responses 
(Huber et al., 2011). 
 
LC-OCD-UVD has been used increasingly in the studies related to organic characterisation 
during the water treatment. Nguyen and Roddick (2010) characterised the impact of 
ozonation and biological activated carbon filtration on the UF filterability of the secondary 
effluent collected from the wastewater treatment plant. According to LC-OCD analysis, 
they found ozone oxidised the HS in raw water to produce building blocks, low MW acids, 
and low MW neutrals. Some of these oxidation products and a small amount of the oxidised 
HS were then utilised by the micro-organisms and/or adsorbed on the BAC, resulting in the 
increased permeate flux. Henderson et al. (2011) used LC-OCD and other techniques to 
characterise the fouling of the UF caused by wastewater secondary effluents. They 
observed that the foulant layer that could be removed by simple rinsing was predominantly 
comprised of protein-enriched biopolymers.  
 
2.1.3.6 Resin fractionation 
Organic fractionation technique using XAD-4 and DAX-8 resins allows the separation of 
aquatic organic compounds into hydrophobic (HPO), transphilic (TPI), and hydrophilic 
(HPI) fractions. HPI organics referred to the polar organics tend to form strong hydrogen 
bonds with water. For HPO organics (referred to non-polar organics), Van der Waals forces 
are the dominant attraction force, which enable them to adsorb to resins with large surface 
area (Peuravuori and Pihlaja, 1998). The hydrophilic fraction can be further separated into 
charged (CHA) and neutral (NEU) fractions (Chow et al., 2004). The fractionation 
technique was often employed by studies  investigating fouling potential of organic 
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fractions with different hydrophobicity (Roddick et al., 2007). A number of studies have 
demonstrated that HPI organics in drinking/surface water had greater fouling potential to 
low pressure polymeric membranes than HPO organics (Carroll et al., 2000; Fan et al., 
2001; Lee et al., 2004), which was likely due to  HPI fractions in drinking water  being 
normally associated with the large molecular weight substances. It was reported that HPO 
fractions were preferentially removed by aluminium and iron based coagulants compared 
with HPI compounds (White et al., 1997; Carroll et al., 2000).  
 
2.2 Membrane process in water treatment 
The objectives of this section of the literature review were to: 
• introduce the water treatment membranes; 
• describe the membrane fouling phenomenon and the key factors affecting the 
fouling; 
• discuss the means for mitigating membrane fouling. 
 
Membrane filtration is a type of separation process which involves the passage of 
wastewater or water, through a semi-permeable membrane, separating particulate materials, 
microorganisms and some organic matters (Asano et al., 2007).  The application of 
membrane filtration to water purification has been developed rapidly in recent decades due 
to its ability to produce high quality product water, relatively smaller footprint (Sutzkover-
Gutman et al., 2010) and lower cost (Gao et al., 2011b) compared with conventional 
treatment. The common water treatment membrane separation processes are normally 
classified into microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse 
osmosis (RO) depending on their pore size, molecular weight cut off (MWCO) or the 
applied driving force as illustrated in Table 2.1.  
 
The major filtration mechanism of microfiltration and ultrafiltration membranes is sieving, 
hence they are able to remove species larger than their cut off limits. For nanofiltration and 
reverse osmosis membranes, both the sieving and diffusion are considered as the major 
mechanisms. They are capable of removing small organic molecules and inorganic ions 
(Casey, 1997).  
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Table 2.1 Characteristics of the common water treatment membranes (Stephenson, 2000) 
 Pore size MWCO Operating 
pressure 
Separation mechanism Driving 
force 
 Micron  Da kPa   
MF 0.1-1 >100000 7-208 Sieve Pressure 
UF 0.01-0.1 2000-
10000 
21-551 Sieve Pressure 
NF 0.001-
0.01 
300-1000 482-1516 Sieve+diffusion+ 
exclusion 
Pressure 
RO <0.001 100-200 5512-8268 Diffusion+exclusion Pressure 
 
2.2.1 Membrane materials and structures 
Water treatment membranes available on the market are produced from various materials, 
which can be organic or inorganic.  The typical commercial organic membranes include 
polyvinylidene fluoride (PVDF), polysulfone (PS), polyethersulfone (PES), 
polyacrylonitrile (PAN), polytetrafluoroethylene (PTFE), polypropylene, cellulose acetate 
and polyamide (Zhou and Smith, 2002). Each membrane material has advantages and 
drawbacks in terms of biodegradability, thermal stability, chemical resistance, and cost 
(Water Environment Federation, 2006).  
 
Ceramic membranes made from metal oxides, such as, Al2O3, ZrO2, TiO2, and other 
materials are also commercially available (Nazzal and Wiesner, 1994). The advantages of 
ceramic membranes over polymeric membranes are often stated to be (Hofs et al., 2011): (i) 
a relatively narrow pore size distribution and higher porosity, resulting in better selectivity 
in pollutant removal and a higher flux, (ii) a higher mechanical stability, (iii) a higher 
chemical stability resulting in longer membrane lifetimes, and (iv) higher hydrophilicity 
resulting in high flux at low pressure. The high mechanical and chemical stability of 
ceramic membranes allow the membrane to be cleaned by high concentration chemical 
agent with very low risk of membrane degradation (Bottino et al., 2001). Ceramic 
membranes are also able to avoid being damaged by the high concentration residual ozone 
in the ozone-treated feedwater, as a result of their high chemical stabilities (Schlichter et al., 
2004). Besides, ceramic membranes are compatible with oxidation processes, such as UV 
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irradiation. Therefore, they can be incorporated in the separation-oxidation hybrid system, 
which can be efficient in solving the membrane fouling problem (Djafer et al., 2010). 
 
Ceramic membranes have been widely used in the food, water treatment, and dairy 
industries (Finley, 2005; Djafer et al., 2010). However, due to their relatively higher cost 
compared to the conventional polymeric membranes, their applications in water and 
wastewater treatment are limited. In recent years, the use of ceramic membranes in water 
industry is becoming popular due to the improved affordability (Ciora Jr and Liu, 2003).  
 
2.2.2 Membrane fouling and causes 
Membrane fouling is a major challenge to the applications of membrane technology in the 
water industry, as it can lead to a severe filtration flux decline and therefore increase the 
treatment cost (Xiao et al., 2013). Fouling of membranes is a complex physical and 
chemical process. The fouling materials can be attached, accumulated, or adsorbed onto 
membrane surfaces and/or within membrane pores (Guo et al., 2012). It can result in an 
increase in transmembrane pressure (TMP) requirement or a reduction in permeate flux 
through the membranes (Baker, 2012).  
 
Membrane fouling can normally be classified as reversible fouling and irreversible fouling 
based on the attachment strength to the membrane. Reversible fouling often occurs as a 
result of cake layer formation on the membrane surface, which can be restored through 
simple physical washing such as backwashing or hydrodynamic surface washing. For 
irreversible fouling, the attachment of particles on membranes is stronger than reversible 
fouling which cannot be removed by physical cleaning (Guo et al., 2012). It is possibly 
caused by chemisorption or pore plugging of solutes in membrane pores (Zularisam et al., 
2006). The irreversible fouling can only be removed by intensive chemical cleaning. 
Membrane fouling can be strongly affected by interplays of a number of factors, including 
feed water characteristics, membrane materials and properties, and operating conditions. 
 
 
2.2.2.1 Constant pressure filtration fouling models 
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Hermia (1982) developed the derivative membrane fouling models for constant-pressure 
dead-end MF, which assumes the membranes have single pore sizes. The models can be 
expressed by the form: 
n
dV
dtk
dV
td






=2
2
                                                                                                                       Eq. 2.1 
where t and V are the filtration time and cumulative permeate volume, respectively. k and n 
are model parameters. The values of the parameter n depend on the different fouling 
mechanisms including complete pore blocking, intermediate pore blocking, standard 
blocking and cake filtration. These fouling mechanisms are described as follow: a) 
Complete pore blocking: all particles reaching the membrane seal the membrane pores. 
None of them are situated on the top of other particles or on the membrane surface between 
pores. b) Intermediate blocking: particles reaching the membrane may not only block 
membrane pores, but also attach to other particles on the membrane surface. c) Standard 
blocking: standard blocking was resulted by small particles attached internally to pores. d) 
Cake filtration: particles reaching the membrane form a cake layer outside the membrane 
surface (Huang et al., 2007b). A schematic presentation of the above fouling models is 
shown in Fig. 2.1. 
 
 
Fig. 2.1 Schematic diagrams of the four filtration models (Bowen et al., 1995) 
 
The integrated forms of the models are shown in Table 2.2 
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Table 2.2 Equations of classic filtration models (Shen et al., 2010) 
Law Equation   
Complete blocking aVJJ =−
0
 
 Eq. 2.2 
 
Intermediate blocking btJJ =−
0
/1/1   Eq. 2.3 
 
Standard blocking dctVt +=/   Eq. 2.4 
 
Cake filtration eVJJ =−
0
/1/1   Eq. 2.5 
 
 
2.2.2.2 Feed water characteristics 
The type of the foulant in feedwater can substantially affect the filtration performance of 
low pressure membranes. Normally, the foulant includes particulates, dissolved inorganics, 
dissolved organics and micro-biological organisms.  
 
1) Membrane fouling by natural organic matter 
In water treatment, NOM has been widely reported as one of the major organic foulants 
contributing to the fouling of polymeric membranes (AWWA Membrane Technology 
Research Committee, 2005). Mallevialle et al. (1989) reported that NOM and clay were the 
major foulant during MF and UF of natural surface waters. They indicated that the organic 
matter in the natural surface waters could act like a “glue” for inorganic matter, which led 
to the severe fouling of the membrane. The fouling of polymeric MF and UF membranes by 
NOM are highly related to the hydrophilic and high molecular weight substances in NOM 
(Lin et al., 1999; Fan et al., 2001). Yuan and Zydney (1999) studied the influence of humic 
acid on the fouling of a polyethersulfone hydrophilic membrane (0.16 µm). They found the 
humic acid could cause severe fouling to the MF membrane and the initial fouling was 
mainly attributed by the deposition of the large components of humic acid on the membrane 
surface. Lin et al. (2000) studied the influence of the characteristics of the fractionated 
humic acid on the fouling of a hollow fibre polymeric UF membrane. It was found that the 
worst flux decline was caused by hydrophilic fraction. They also found that the high 
molecular weight molecules (6.5–22.6 kDa) in both hydrophobic and hydrophilic fractions 
were responsible for the severe flux decline. Fan et al. (2001) investigated the influence of 
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NOM isolated from four Australian surface waters on the fouling of polyvinylidene fluoride 
(PVDF) MF membranes. They also found that high molecular weight fraction of NOM 
(>30 kDa) was responsible for the flux decline. Kennedy et al. (2005) investigated the role 
of the fractionated NOM of a surface water on the fouling of PES/PVP UF membranes, and 
found that the hydrophilic fractions caused the highest fouling potential. 
 
Some recent studies showed that the effect of molecular interaction between humic 
substances and biopolymer like substances (such as polysaccharides and proteins) could 
contribute to the fouling of low pressure polymeric membranes. Xiao et al. (2013) 
investigated the fouling characteristics of a polymeric UF membrane using HA, bovine 
serum albumin (BSA) and sodium alginate (SA) as model compounds. They found that the 
order of total fouling resistance for the various mixtures of the compounds followed 
HA+SA > BSA+SA > HA+BSA, which was attributed to their different molecular weight 
and surface charge distribution as a result of the interactions between these compounds. 
Myat et al. (2014b) also investigated the impact of the possible interactions between HA, 
BSA and SA on the fouling of a polypropylene MF  membrane. They found alginates or 
BSA (as model biopolymer compounds) formed large aggregates with humic acid, which 
could negatively affect the MF performance. 
 
2) Membrane fouling by algae or algal organic matter 
The characteristics of algae or algal organic matter are quite complex and can change 
during the algal growth. Therefore, the composition of the algal organic matter can have 
profound impact on membrane performance. Several studies have been done to characterise 
the AOM fouling of conventional polymeric MF/UF membranes in recent years. Qu et al. 
(2012b) investigated the influence of the interfacial characteristics of AOM extracted from 
M. aeruginosa including surface charge, molecular size and hydrophilicity on the fouling of 
polymeric UF membranes. They also studied the impact of the AOM and algal cells on 
membrane fouling. It was reported that the AOM caused greater flux decline than algal 
cells due to greater pore plugging and less porous cake layer formed by the AOM. It was 
found in a further study by the research group that the dissolved AOM could cause greater 
flux decline but less irreversible membrane fouling compared with cell surface AOM. They 
suggested that this was because the cell surface AOM contained more large and 
hydrophobic molecules, which could result in the foulant layer being more porous but 
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having a higher affinity to the membrane surface than dissolved AOM (Qu et al., 2012a). In 
another study, Huang et al. (2012) observed that different AOM compositions due to 
different nutrient conditions had different impacts on the fouling of the polymeric MF 
membranes. The high fouling potential of AOM was attributed to the high molecular 
weight polysaccharide-like and proteinaceous substances. 
 
Some researchers investigated the impact of AOM in real waste/surface water on the 
fouling of low pressure polymeric membranes.  Lee et al. (2006) investigated the fouling 
behaviours of two MF and two UF membranes for filtering NOM isolated from a natural 
surface water as an allochthonous source, and AOM produced from blue green algae as an 
autochthonous source. AOM derived from blue green algae caused most significant fouling 
on all membranes. The proteins/polysaccharides were shown to be responsible for 
significant flux declines. Goh et al. (2010) investigated the impact of EOM, cells, and both 
cells and EOM of M. aeruginosa in a secondary effluent on MF (PVDF) filterability. They 
found all of them contributed to the membrane fouling and the foulant was removed only 
partly by hydraulic cleaning. They also studied the impact of different growth phase of M. 
aeruginosa in a biologically treated effluent to the membrane fouling. The treated effluent 
containing M. aeruginosa from early growth phase had very limited fouling potential, but 
the water with M. aeruginosa from mid and late phases of algal growth caused significantly 
decreased permeate volume. An increase in aromatic proteins and fulvic acid-like 
substances as shown in the EEM spectra  was found during the transition from early to mid 
phase, which was thought to contribute to the membrane fouling (Goh et al., 2011). 
 
2.2.2.3 Effect of solution chemistry 
Solution chemistry such as pH, ionic strength and multi-valent cations could affect the 
extent of fouling of low pressure membranes. A number of studies have shown that 
membrane fouling can be promoted by low pH, high divalent ion concentration (such as 
Ca2+ and Mg2+) and high ionic strength. The adverse effect of low pH and high ionic 
strength can be mainly attributed to the reduced electrostatic repulsion between foulant 
molecules and membrane surface, allowing the organic contaminants to accumulate on the 
membrane surface and foul the membrane (Tang et al., 2007). Divalent ion could react with 
specific organic molecules such as humic acid like compounds to form complexes or bridge 
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organic molecules together (Fan et al., 2001), which also could facilitate their deposition 
onto a membrane, resulting in a highly compacted fouling layer (Zularisam et al., 2006). 
Hong and Elimelech et al. (1997) investigated the role of divalent cations (Ca2+) on the 
fouling of NF membranes. They found the membrane fouling increases with the addition of 
Ca2+. They claimed this was because Ca2+ interacted with carboxyl functional groups in 
NOM, which reduced the charge of humics and hence electrostatic repulsion between 
macromolecules. This led to an increased deposition of NOM on the membrane surface. 
Jermann et al. (2007) studied the impact of molecular interactions between different NOM 
compounds on the fouling of a polyethersulfone UF membrane with individual and mixed 
humic acid and alginate. They suggested that the presence of calcium in the mixtures could 
promote the mutual influence of pore blocking and cake formation by humic acid–Ca–
alginate associations. 
 
2.2.2.4 Membrane properties 
Membrane fouling can be significantly influenced by membrane properties such as 
membrane surface morphology, hydrophobicity and surface charge. Vrijenhoek et al. 
(2001) studied several membrane surface properties (physical surface morphology, surface 
chemical properties, surface zeta potential, and specific surface chemical structure) of four 
commercial NF/RO membranes on their initial fouling behaviour during cross-flow 
membrane filtration. They found the physical roughness of membrane surfaces was one of 
the critical factors. The rougher membranes caused more severe flux decline than smooth 
membranes. This conclusion is similar with the study of Li et al. (2007), who found 
membrane surface (RO membrane) roughness played a very important role in membrane 
fouling by BSA and alginate. The membranes with smoother surfaces had greatly reduced 
fouling. In another report, Boussu et al. (2007) investigated the fouling of several polymeric 
NF membranes when filtering several colloids with different solution chemistry (i.e. pH 
and ionic strengths). They suggested that the hydrophobicity of NF membranes was also a 
critical factor determining the membrane fouling. Hydrophilic membranes experienced less 
membrane fouling than the hydrophobic membrane. Moreover, it could be found in some 
other literature that membrane surface charge was also an important factor contributing to 
membrane fouling. Usually, a membrane carrying the same electrical charge as the foulants 
could effectively reduce the permeate flux decline (Du et al., 2009; Xiao et al., 2011). In 
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conclusion, a membrane with smoother surface, greater hydrophilic properties and 
appropriate operational conditions could minimize the fouling (Jin et al., 2009). 
 
2.2.2.5 Effect of operating conditions 
Many studies have found operating conditions including operation flux, cross flow velocity 
and applied pressure can greatly influence membrane fouling behaviour  (Huang et al., 
2007a; Wang and Tang, 2011). Generally, the irreversible fouling could be limited by 
increasing the cross-flow velocity (cross flow filtration mode) or reducing the flux 
(constant flux filtration mode) (Crozes et al., 1997). It has been suggested that the applied 
pressure should be adjusted below a certain limit, as too high pressure may also cause 
fouling layer compression (Rodgers and Sparks, 1992). 
 
2.2.3 Strategies for membrane fouling mitigation 
2.2.3.1 Feedwater pre-treatment 
Feedwater pre-treatment can alter the physical, chemical, and biological properties of the 
feedwater and improve the performance of membrane filtration. Conventional pre-
treatments for membrane fouling include coagulation, oxidation, adsorption and pre-
filtration (Huang et al., 2009).  
 
1. Coagulation pre-treatment 
One of the most common feedwater treatment techniques for reducing fouling of MF and 
UF membranes is coagulation/sedimentation with aluminium or ferric salts. The reduction 
of membrane foulants by coagulation is involved in charge neutralisation of organic matter, 
precipitation, and adsorption of organic matter on the metal hydroxide (Kabsch-
Korbutowicz, 2005a). The fouling mitigation mechanisms associated with the feedwater 
pre-treatment using coagulation include: 1) reduction of the feed organic loading (Kim et 
al., 2005); 2) removal of high fouling potential compounds (i.e. high MW biopolymer 
compounds) (Shon et al., 2004); 3) alternation of particle characteristics (i.e. 
hydrophobicity), which may reduce the affinity of foulants to the membrane surface (Huang 
et al., 2009); 4) increase in particle size of the organic matter, which could shift membrane 
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fouling from pore blocking to cake filtration leading to less irreversible fouling (Huang et 
al., 2009). 
 
Carroll et al. (2000) investigated the effect and the fouling control mechanisms of alum 
(Al2(SO4)3·18H2O) during the MF of the water containing NOM. They found that fouling 
rate was strongly controlled by residual dissolved NOM after coagulation, which was 
composed primarily of small, neutral hydrophilic substances. They claimed that coagulation 
treatment preferentially removed hydrophobic rather than hydrophilic substances, charged 
rather than neutral substances and larger-sized rather than smaller-sized molecules. Fan et 
al. (2008) observed that coagulation feedwater pre-treatment with aluminium based 
coagulants reduced both the reversible and irreversible membrane fouling in the MF of a 
wastewater secondary effluent. The fouling mitigation was attributed to the removal of high 
MW compounds and the formation of a porous cake layer on the membrane surface 
preventing small molecules from entering membrane internal pore structures. 
 
The effectiveness of fouling mitigation through coagulation can be greatly influenced by 
the type and coagulant dosage, feed organic characteristics, solution chemistry and 
hydrodynamic conditions (Kabsch-Korbutowicz, 2005b). Kabsch-Korbutowicz et al. (2006) 
investigated the effects of three types of coagulants in a constant pressure in-line 
coagulation-UF (dead end filtration) system. They found that alum and polyaluminium 
chloride (PACl) can enhance the organic matter removal and considerably reduce the 
membrane fouling. However, different optimum conditions regarding to different types of 
coagulant may be required, because different coagulant could produce different floc with 
distinct characteristics under various operating conditions, which could affect the filtration 
performance. Howe et al. (2006) found that under-dose of coagulant resulted in an adverse 
effect on the fouling of  UF membranes. Goh et al. (2011) showed alum coagulation could 
improve the MF flux for the wastewater which contained algal cells and organic matter, but 
they also demonstrated that too high or too low coagulant dosing concentration could lead 
to a significantly reduced flux recovery. 
 
2. AOP pre-treatment 
1) Ozonation 
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Oxidation has been found to be effective in reducing organic fouling (Huang et al., 2009). 
Ozonation seems to be a promising method for this purpose as reported in several studies 
(Karnik et al., 2005; Oh et al., 2007; Lehman and Liu, 2009; Zhu et al., 2010). O3 oxidation 
can cause structure changes to the organic matter, leading to fouling reduction due to: 1) 
cleavage of aromatic rings and transformation of them into hydrophilic products, 2) 
significantly increase of carboxylic function groups resulting in increased negative charge 
of the organics, which have a higher tendency to being repelled by negative membrane 
surface, 3) decomposition of molecules into smaller fragments, 4) higher propensity for 
complexation of humic substances with divalent ions as a result of the increase of 
carboxylic groups (Van Geluwe et al., 2011a). Although this process can lead to an increase 
in carboxylic and phenolic groups which may aggravate membrane fouling, it was found 
that the reduction of organic carbon and breaking down of large molecules was the 
dominant mechanism for membrane fouling mitigation (Zhu et al., 2008; Zhu et al., 2010). 
 
Nguyen and Roddick (2010) investigated the effects of ozonation followed by biological 
activated carbon (BAC) filtration on the characteristics of effluent organic matter and the 
fouling of a UF membrane. They found that membrane organic fouling was reduced by the 
combined process. Fouling reduction by ozonation was due to the breakdown of high 
molecular-weight compounds to lower molecular-weight compounds. Some researchers 
demonstrated that dosing hydrogen peroxide to the solution during the ozonation process 
could slightly enhance the reduction of the membrane fouling, as the generated ·OH 
radicals can further break down some unsaturated reaction products formed during O3 
oxidation (Park, 2002; Van Geluwe et al., 2011b).  
 
One of the most severe drawbacks for ozonation feed pre-treatment is the possibility of 
potential destruction of polymeric membranes by residual ozone. The ozonation process has 
been more commonly used with the ceramic membranes due to their strong ozone 
resistance (Schlichter et al., 2003; Karnik et al., 2005; Sartor et al., 2008; Lehman and Liu, 
2009). The efficiency of ozonation-ceramic membrane system can be influenced by various 
factors. Karnik et al (2005) and  Kim et al (2008) investigated the effect of ozone on the 
permeate flux of ozonation-ceramic UF systems. Both found that ozonation can 
significantly reduce membrane fouling during the treatment of natural waters under 
appropriate ozone concentrations. 
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2) UV/H2O2  
UV/H2O2 advanced oxidation process can generate highly oxidising hydroxyl radicals 
(·OH) to break down large organic molecules into smaller molecules, and eventually to 
CO2 (Liu et al., 2012). In this regard, UV/H2O2 process has shown great potential for 
improving the membrane flux as the nonselective hydroxyl radicals could destroy some 
non-humic substances such as polysaccharides and proteins (Song et al., 2004; Malek et al., 
2006b). Although the effectiveness of the UV/H2O2 pre-treatment process for mitigating 
membrane fouling has been shown, it has not been widely applied as a feed pre-treatment 
method. This was probably due to the high energy consumption by the process (Autin et al., 
2013). This drawback may be compensated by its ability for removing some organic 
pollutants derived from harmful algae in source water, as the process has also shown great 
potential for removing some organic containments derived from algae, such as algal toxins, 
taste and odour compounds including MIB and geosmin (He et al., 2012) to improve the 
quality of product water. Song et al. (2004) investigated the efficiency of UV/H2O2 
oxidation as a feed pre-treatment method on the NOM fouling of a NF membrane. They 
found the UV/H2O2 oxidation significantly mitigated the NOM fouling by transforming the 
hydrophobic fraction of NOM and polysaccharides into the organic compounds with less 
affinity to the membrane.  
 
 
2.2.3.2 Membrane cleaning 
Cleaning is necessary to remove foulants and microorganisms during membrane filtration 
processes. Two cleaning methods have been commonly used (1) physical cleaning (2) 
chemical cleaning.  
 
Physical cleaning includes hydraulic backflush, scrubbing, air sparging etc. Generally, 
hydraulic cleaning cannot fully recover the membrane performance (Li et al., 2011).  
Zularisam et al. (2006) reported that the extent of flux recovery by the backwash technique 
is highly dependent on the nature of the fouling mechanism and only effective for removing 
weakly adhered cake layer. 
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For hydraulically irreversible fouling, cleaning using some chemical agents is favoured.  
Chemical cleaning includes alkaline cleaning, acid cleaning, enzymatic cleaning and 
biocides cleaning. The commonly used chemical reagents include caustic soda (NaOH), 
hydrogen peroxide (H2O2), sodium hypochlorite (NaOCl), hydrochloric (HCl), sulphuric acid 
(H2SO4), nitric acid (HNO3), citric acid, ethylenediamine tetraacetic acid (EDTA), sodium 
dodecyl sulphate (SDS) and some enzymatic detergents (Porcelli and Judd, 2010). Chemical 
cleaning methods depend upon chemical reactions to weaken the foulant-foulant cohesion 
forces and the foulant-membrane adhesion forces. These chemical reactions involve 
hydrolysis, peptization, saponification, solubilisation, dispersion, and chelation (Chen et al., 
2003a). As a result, the selection of the cleaning agent should be based on a number of 
factors including composition of the foulant, membrane material and the fouling 
mechanism (Zondervan and Roffel, 2007). Lee et al (2001) evaluated the efficiency of 3 
different cleaning agents: citric acid, NaOH, and SDS, to remove the NOM foulants during 
the ultrafiltration process. They found that foulants from a hydrophobic NOM source were 
removed more effectively by acid and caustic solution than foulants from a relatively 
hydrophilic NOM source. SDS was not effective for removing foulants from either 
hydrophobic or hydrophilic NOM sources. Kuzmenko et al. (2005) used different 
concentrations of base (NaOH) or disinfection agents (H2O2 and NaOCl) as chemical 
cleaning agents for UF membranes fouled by BSA. Their results showed that oxidation 
with free chlorine resulted in complete restoration of initial flux during this process. Zhang 
et al. (2011) tested 4 reagents (NaOH, NaOCl, HCl and EDTA) on the UF membranes 
fouled by AOM. They showed that NaOCl was most efficient for eliminating these 
carbohydrate-like and protein-like foulants on membrane surface in the study.  
 
2.3 Summary 
M. aeruginosa is one of the most common freshwater cyanobacteria species responsible for 
blooms in water catchments. The AOM derived from the cyanobacteria largely comprises 
of hydrophilic, high molecular weight compounds including neutral and charged 
polysaccharides, proteins, oligosaccharides, nucleic and amino acids, peptides, lipids and 
traces of other organic acids. The characteristics of AOM depend on the algal species and 
algal growth phase. As AOM largely comprises of high molecular weight biopolymers such 
as polysaccharides and aromatic proteins, these can cause significant fouling problems for 
MF and UF processes. 
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Fouling of water treatment membranes can be affected by a number of factors including 
feedwater characteristics (e.g., organic compounds), solution chemistry (e.g., pH, ionic 
strength), membrane properties (e.g., membrane materials and surface properties) and 
operation condition (e.g., operating pressure). However, most studies were conducted on 
the conventional polymeric membranes, whereas very limited information has been 
published on the effect of AOM on ceramic membranes which are significantly different 
from polymeric membranes in terms of physical, chemical and mechanical properties. As 
such, the interaction between AOM and ceramic membranes was investigated in this study 
with a view to gaining an insight into the fouling mechanism. 
 
Feedwater pre-treatment and membrane cleaning are two commonly used techniques to 
improve or restore the filtration flux. The efficiency of coagulation pre-treatment on flux 
improvement strongly depends on the coagulant type, feed organic characteristics, solution 
chemistry and hydrodynamic conditions. However, a systematic study regarding the impact 
of various water treatment coagulants on the fouling of low pressure membrane by the  
AOM is required. Advanced AOP feedwater pre-treatments such as ozonation and 
UV/H2O2 oxidation may be effective approaches to improve the membrane performance, as 
they are able to break down large organic molecules. The UV/H2O2 process is of great 
interest in this study, because it can effectively break down the large AOM molecules to 
reduce fouling, and remove some organic pollutants derived from cyanobacteria, including 
toxins, taste and odour compounds such as MIB and geosmin, to improve the quality of the 
membrane permeate. 
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CHAPTER 3 MATERIALS AND METHODS 
3.1 Cultivation of algae and AOM extraction  
M. aeruginosa (CS 566/01-A01) was purchased from CSIRO Microalgae Research Centre 
(Tasmania, Australia). The algal cultures were grown in 5 L Schott bottles at 22 oC using 
MLA medium (Bolch and Blackburn, 1996) (Appendix A) under humidified aeration. A 
16/8 hour light (from fluorescent lamp)/dark cycle was used to simulate natural light 
conditions.  According to several reports, the algae have high absorbance at 684 nm (Zhang 
et al., 2006a; Zhang et al., 2006b; Rajasekhar et al., 2012). Optical density (OD) of the 
algal cell suspension was therefore used to measure algal cell concentration. The correlation 
between OD684 and cell count (5 × 103 - 5 × 106 cells mL-1) was validated as indicated by 
their strong linear relationship (R2 > 0.99) (see Appendix B). 
 
Algal cultures were harvested at the 10th (early exponential phase), 20th (late exponential 
phase) and 35th day (stationary phase) of growth. Centrifugation (3270 × g for 30 mins) of 
the algal cell suspensions and the subsequent filtration of the supernatant (using 1 µm 
membranes unless otherwise stated) were conducted to extract the AOM.  
 
3.2 Preparation of MF feed solutions 
In the preparation of the MF feed solutions, the extracted AOM was diluted either in tap 
water or deionized water depending on the purpose of the experiment.  
 
For the work reported in Chapter 4, the AOM extracted from 10th (early exponential 
phase), 20th (late exponential phase) and 35th day (stationary phase) of growth were 
diluted to the same concentration (3 mg DOC L-1) using tap water to investigate the 
influence of AOM growth phase on the fouling of ceramic membrane. The influence of 
feed solution pre-filtration, and the presence of calcium ions on the fouling was 
investigated with the AOM derived from the M. aeruginosa culture at stationary growth 
phase (3 mg DOC L-1). The AOM concentration (3 mg DOC L-1) in this study was selected 
to mimic the approximate AOM concentration in real surface water and water treatment 
catchments. 
 
   33 
 
The concentration of AOM from stationary phase was diluted to 1.5, 3 and 7.5 mg DOC L-1 
using tap water to investigate the effect of AOM concentration on the membrane fouling, 
where the pH, ionic strength and TMP was fixed at 8, 9×10−4 M and 70 kPa, respectively 
(Chapter 5). For the investigation of the pH effect, the AOM concentration, ionic strength 
and TMP were fixed at 3 mg DOC L-1, 9×10−4 M and 70 kPa, respectively. For the effect of 
ionic strength, the AOM concentration, pH and TMP were fixed at 3 mg DOC L-1, 8 and 70 
kPa, respectively. For the study of the effect of TMP, the AOM concentration, pH and ionic 
strength were fixed at 3 mg DOC L-1, 8 and 9×10−4 M, respectively.  
 
Relatively higher AOM concentration (8 mg DOC L-1) was used in Chapter 6 to facilitate 
the characterisation of the organics attached on the membrane and hence obtain more 
detailed insights into the fouling mechanism. In this study, the pH of the feed solution and 
ionic strength were adjusted to 8.0±0.2 and 9×10−4 M, respectively. 
 
In order to investigate the impact of the interaction between the AOM and the aquatic 
humics on the fouling of the ceramic MF membrane (Chapter 7), the feed solutions 
containing AOM only, humics/NOM only and their mixtures were prepared. Suwannee 
River HA, FA and NOM were obtained from the International Humic Substances Society 
(USA).  The stock solutions (50 mg DOC L-1) were prepared by dissolving the organic 
matter into Milli-Q water, and the stock solutions were filtered using 1 µm membranes 
(Whatman®, Grade GF/A) to remove any non-dissolved substances. The stock solutions 
were further diluted with deionized water to prepare the MF feed solutions for investigating 
the individual and combined fouling effect using single and mixed compounds, 
respectively. The composition of the feed solutions is given in Table 3.1.   
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Table 3.1 Feed water composition 
Solution Composition (mg DOC L-1) 
HA 2 
FA 2 
HA + FA 1 + 1 
NOM 2 
AOM 2 
HA + AOM 2 + 2 
FA + AOM 2 + 2 
HA + FA + AOM 1 + 1 + 2 
NOM + AOM 2 + 2 
 
According to the isolation protocols for Suwannee River HA and FA (Aiken, 1985), and 
NOM (Serkiz and Perdue, 1990), the HA and FA represent the high molecular weight and 
low molecular weight fraction of the humic substances, respectively. The mixture of HA 
and FA was used to resemble the hydrophobic fraction of the Suwannee River NOM. The 
NOM contains not only the hydrophobic and hydrophilic acids but also other soluble organic 
solutes that are present in natural waters (Serkiz and Perdue, 1990). The AOM concentration 
was fixed at 2 mg DOC L-1 in order to mimic the real algal bloom situation (Ni et al., 2010). 
The pH for all feed solutions was regulated at 7. The ionic strength of the feed solutions 
was maintained at 1 mM prior to each run. 
 
For the preparation of the feed solutions for the coagulation and UV/H2O2 pre-treatment 
studies as reported in Chapters 8 and 9, the AOM was diluted to 3 mg DOC L-1 with tap 
water prior to the pre-treatment. The pH before and after treatment were regulated at 
approximately 7. The impact of these feedwater pre-treatment approaches on the algal toxin 
(such as microcystin-LR) removal was also investigated by dosing 15 µg L-1 microcystin-
LR (≥95%, Sapphire bioscience) into the prepared feed water prior to the UV/H2O2 and 
coagulation treatment. The microcystin-LR stock solution (100 ppb) was prepared by 
dissolving the solid microcystin-LR into Milli-Q water and stored at -20oC before being 
spiked into the AOM feedwater. 
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3.3 Feedwater pre-treatment by Coagulation  
Coagulation using ACH (aluminium chlorohydrate, Megapac 23, 40% w/w), alum (Sigma 
Aldrich), ferric chloride (Sigma Aldrich) and ferric sulphate (Sigma Aldrich) were 
investigated as the pre-treatment for AOM solution. The stock coagulant solutions (100 g 
Al3+ L-1 of alum, 100 g Fe3+ L-1 of ferric chloride and ferric sulphate) were prepared by 
dissolving chemicals in Milli-Q water. Coagulation was conducted at room temperature (20 
± 2oC) using a laboratory jar tester unit (Phipps and Bird, PB-700) with rapid mixing for 1 
min at 200 rpm, followed by slow mixing for 20 min at 30 rpm. A range of dosages (1-20 
mg Al3+ L-1 or 1-20 mg Fe3+ L-1) was tested to determine the optimal dosage for organic 
removal. After the jar tests, the resultant treated water samples were immediately filtered 
with 5 µm filter (Advantec) to remove the flocs in the coagulated solution. 
 
3.4 Feedwater pre-treatment by UV/H2O2  
UV/H2O2 treatment was carried out using an annular reactor with a centrally mounted UV 
lamp. The average irradiated area was 464 cm2, and the path length was 1.94 cm. A UVC 
lamp (39 W, Australian Ultra Violet Services, G36T15NU) was used to provide UVC 
irradiation (λ = 254 nm). The average fluence rate of the lamp was determined as 8.91 
mW cm-2. The initial H2O2 concentrations of 0.25 mM and 0.5 mM were used for the 
feedwater pre-treatment.  
 
3.5 Background water 
Deionized water and tap water were utilised for the preparation of the AOM solutions used 
for the various studies in this work.  Deionized water was used as the background water to 
facilitate the characterisation of the interaction of AOM and the ceramic membrane, and to 
examine the impact of the interaction between AOM and humics on the fouling of the 
ceramic membrane (Chapters 6 and 7), as the deionized water has very low level of 
inorganic and organic matter (~ 0.09 mg DOC L-1).Tap water was used as background 
water to simulate the real drinking water condition (Chapters 4, 5, 8 and 9). The DOC and 
UVA254 of the tap water were 1.4 ± 0.2 mg DOC L-1 and 0.030 ± 0.05 cm-1, respectively. 
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3.6 Analytical methods 
3.6.1 General characteristics 
3.6.1.1 pH and conductivity 
The pH was measured using a Mettler Toledo pH meter, the instrument was calibrated with 
standard solutions of pH 4.0, 7.0, and 10.0. The ionic strength was calculated from the 
conductivity measured using a Hach Sension 5 conductivity meter. The conductivity was 
converted to ionic strength by the Equation 3.1 (Snoeyink and Jenkins, 1980): 
 
Ionic strength = 1.6 × 10-5 × Conductivity                                                                                  Eq. 3.1 
 
Standard solutions containing potassium chloride (KCl) at the EC of 500, 1413 and 2760 
µS cm-1 were used to calibrate the conductivity meter. 
 
3.6.1.2 Cell concentration of M. aeruginosa 
As mentioned in section 3.1, the algal cell concentration was calculated based on the 
correlation between OD684 and cell count.  The cell count of M. aeruginosa culture was 
determined with a 0.1 mm deep hemocytometer (Bright-LineTM, Warner-Lambert 
Technologies, Inc.). 
 
3.6.1.3 DOC concentration   
DOC was determined using a Sievers 820 TOC analyser. The samples were filtered through 
a 0.45 µm membrane (Advantec, C045A047A) prior to the analysis. Each measurement 
was triplicated and the results were averaged. 
 
3.6.1.4 UV/vis spectrophotometry 
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UVA254 was measured using a UV/vis spectrophotometer (UV2, Unicam) with Milli-Q 
water as the reference, where the UV absorbance of the samples at 254 nm was recorded.  
 
3.6.1.5 Specific ultraviolet absorbance (SUVA) 
Specific UV absorbance (SUVA) was used to indicate the aromatic character of dissolved 
organic matter in a water body (Weishaar et al., 2003). SUVA can be determined using the 
following equation (Eq.3.2.): 
100254 ×=
DOC
UVASUVA                                                                                                             Eq. 3.2 
 
 
 
3.6.1.6 Carbohydrate and protein content 
Carbohydrate content was determined using the phenol–sulphuric method, and D-glucose 
was used as the standard carbohydrate substance (Dubois et al., 1956).The bicinchoninic 
acid (BCA) method was employed for protein analysis in which the QPBCA QuantiProTM 
BCA Assay Kit (Sigma Aldrich) was used. Bovine serum albumin (Sigma Aldrich) was 
used as the standard protein substance. 
 
3.6.1.7 Ca2+ concentration 
The concentration of calcium ion was measured with an atomic absorption spectrometer 
(AA240FS, Varian). 
 
3.6.2 Fluorescence EEM spectroscopy 
Fluorescence EEM spectra were obtained using a fluorescence spectrometer (LS 55, 
PerkinElmer) at an excitation and emission wavelength range of 200–550 nm. The first-
order Rayleigh scattering was removed by an interpolation method (Bahram et al., 2006). A 
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290 nm emission cut off was used to limit second-order Rayleigh scattering. In order to 
remove the Raman scatter and other background noise, the fluorescence spectra of 
deionized water were subtracted from all EEM spectra using Origin software. It should be 
noted that the inner filter effect was not corrected in this study. This was because the 
samples used in this study had very low concentration and light absorbance, where the 
inner filter effect of the samples was considered negligible.  
 
In order to quantify the fluorescence intensity, a fluorescence regional integration (FRI) 
method (Chen et al., 2003b) was used. The FRI method was conducted by integrating the 
EEM volumes in each divided region reported by Chen et al. (2003b).  As mentioned in 
previous chapters, Murphy et al. (2010) outlines the importance of normalising to the 
Raman signal to facilitate the comparison the EEMs from different instruments. In the 
present study, such normalization approach was not performed as the samples were tested 
with the same instrument, and the water matrices were relative simple, i.e., most water 
samples contained only AOM and deionised water/tap water (containing low NOM 
concentration). Therefore, the FRI method was considered as sufficient for characterising 
the fluorescent organic materials in this study. However the normalization approach would 
be useful and may be performed in future studies.  
 
3.6.3 Apparent molecular weight distribution 
The apparent molecular weight distribution of the AOM was determined by size exclusion 
with LC-OCD at the Water Research Centre of the University of New South Wales, 
Australia. The LC-OCD system (LC-OCD Model 8, DOC-Labor Dr. Huber, Germany) 
utilised a SEC column (Toyopearl TSK HW-50S, diameter 2 cm, length 25 cm) equipped 
with an organic carbon detector (OCD) and a UV detector (UVD, responds to UV-
absorbing compounds at 254 nm). The chromatograms were processed using the Labview 
based program Fiffikus (DOC-Labor Dr. Huber, Germany). The details of this technique 
were described by Huber et al. (2011).  
 
3.6.4 Hydrodynamic molecular size 
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The hydrodynamic radius of the organic compounds was determined by the dynamic light 
scattering technique utilising an ALV-5200 F spectrometer with a compact goniometer.  A 
He-Ne laser of wavelength 632.8 nm illuminated the sample, and the scattered intensity 
was measured at 90° scattering angle.  
 
3.6.5 Zeta potential 
The zeta (ζ ) potential of water samples was determined using a Malvern Zetasizer Nano ZS 
(Malvern instruments).  The ζ potential was calculated based on Henry equation using the 
Smoluchowski model (Sze et al., 2003). The electric field was applied to the clear 
disposable folded capillary zeta cell (DTS1070) for the measurement. Three measurements 
were carried out on each sample with the average values reported.  
 
3.6.6 Resin fractionation 
Nonionic macro-porous resins (DAX-8 and XAD-4) were employed to separate the 
organics into hydrophobic (HPO), transphilic (TPI) and hydrophilic (HPI) fractions. The 
DOC of each fraction was then determined. The procedure of resin fractionation is 
described below. 
 
Samples were filtered through 0.45 µm cellulose acetate membranes and adjusted to pH 2 
with 4.0 N HCl prior to being fed onto the column with DAX-8 resin. This procedure could 
retain the hydrophobic acids (humic and fulvic acids) by the resin. The organic matter not 
retained by DAX-8 resin was subsequently fed onto XAD-4 resin. This organic fraction 
absorbed on XAD-4 mainly composed of weakly hydrophobic organic matter (TPI). The 
effluent of the column of XAD-4 resin was HPI fraction which mainly consisted of non-
humic like compounds such as carbohydrates, proteins, and some organic colloids (Aiken et 
al., 1992; Carroll et al., 2000; Shon et al., 2006a; Lozier et al., 2008). To restore the used 
DAX and XAD resins, the resins were cleaned using 200 mL of 0.1 N NaOH followed by 
Milli-Q water until the column effluent DOC was. < 0.3 mg DOC L-1 
 
3.6.7 Microcystin measurement 
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The microcystin concentration of water samples was measured using Abraxis Microcystin 
Strip Test PN 520020 (0–5 ppb detection limit) and PN 520022 (0–10 ppb detection limit) 
obtained from Abraxis LLC, Warminster, PA, USA. The Abraxis Microcystin Strip Test is 
based on a rapid immunochromatographic method, which recognizes microcystins and 
nodularins and their congeners by specific antibodies (Metcalf and Codd, 2003). The 
reliability of Abraxis test strips for the determination of microcystin-LR in a wide range of 
water matrices was validated using high performance liquid chromatography by Roddick et 
al. (2011).  
 
3.7 Membrane filtration tests 
3.7.1 Single-cycle ceramic membrane filtration rig 
Single-cycle filtration runs were carried out using a laboratory setup with a commercially 
available 7-channel tubular ceramic MF membrane (nominal pore size 0.1 µm, CeRAMTM, 
TAMI Industries). The major specifications of the membrane are described in Appendix C. 
The surface layer of the ceramic membrane was made of ZrO2 and the support layer was 
made of TiO2. The membrane surface was considered as hydrophilic since ZrO2-based 
membranes usually have a contact angle less than 20° due to the presence of surface 
hydroxyl groups (Gao et al., 2011a), and would be negatively charged under the 
experimental conditions (i.e., at pH 8) (Hofs et al., 2011). 
 
According to the manufacturer, the membrane can be operated at high temperature (up to 
350 °C) and is insensitive to bases and acids. A schematic diagram of the lab-scale ceramic 
membrane system is presented in Fig. 3.1. The rig can be operated in either dead-end or 
cross-flow mode by closing or opening the downstream valve (Valve 3).  
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Fig. 3.1 Ceramic membrane rig for single-cycle filtration tests, P1, P2 and P3 are 
manometers. 
 
3.7.2 Ceramic membrane rig for multi-cycle filtration tests  
Multi-cycle filtration runs were carried out with a single-channel MF tubular ceramic 
membrane in inside-out mode. The detailed characteristics of the MF membrane (nominal 
pore size 0.1 µm, Pall) are shown in Appendix C.  
 
The setup of the multi-cycle ceramic filtration rig (Pall) is shown in Fig. 3.2. The rig is 
equipped with a progressing cavity pump (PCM, France), a heat exchanger, and a back-
flush device (BF3). The transmembrane pressure was measured as the average of inlet and 
outlet pressure, which were recorded from the pressure gauges P1 and P2.  
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Fig. 3.2 Ceramic membrane rig for multi-cycle filtration tests 
 
3.7.3 Single-cycle MF test  
3.7.3.1 MF test protocol 
All filtration runs were carried out in inside-out and dead-end modes at a constant TMP of 
70 ± 1 kPa under room temperature (22 ± 2 °C). Membrane backwashing was carried out 
by filtering tap/deionized water in outside-in operation mode at the same TMP as the 
filtration runs. The clean water flux of a clean membrane under the above conditions was 
~240 LMH.  
 
Prior to each MF run, the clean water flux of the clean membrane (J0) was obtained by 
filtering tap/deionized water for 2 min. The AOM solution was then filtered for 90 min 
under the defined conditions. Membrane permeate flow rate was recorded continuously by 
a permeate flow rate sensor, and the permeate was sampled after 15, 30, 60 and 90 min 
filtration for chemical analyses. After AOM solution filtration, the clean water flux of the 
fouled membrane (Ja) was determined by filtering tap/deionized water for 2 min. The 
membrane was then backwashed for 2 min, and the clean water flux of the backwashed 
membrane (Jb) was measured by filtering tap/deionized water for 2 min. Reversible flux 
(RF), an indicator of the affinity of foulant for the membrane, was estimated using the 
following equation (Eq. 3.3) (Hashino et al., 2011). The series resistances including 
Retentate 
valve
Permeate valve
Feed 
tank
P1
M
em
br
an
e
BF3P2
Relief valve
Pump
Cooling 
water in
Heat 
exchanger
BF3: Back-flush device
P1, P2: Pressure gauge
   43 
 
reversible (Rr) and irreversible filtration resistance (Ri) were calculated using equations 
Eqs. 3.4 and 3.5: 
 
a
ab
JJ
JJRF
−
−
=
0
                                                                                                                                       Eq. 3.3 
totalR
PJ
µ
∆
=                                                                                                                                        Eq. 3.4 
irmtotal RRRR ++=                                                                                                                            Eq. 3.5 
 
where ∆P is the transmembrane pressure; J stands for the flux and µ is the water viscosity 
at 22 °C (0.955×10−3 Pa·s). The fouling resistance was determined through a series of 
filtration steps, measuring the flux (J) at the end of each filtration step. The Rtotal referred to 
the total fouling resistance after MF of the AOM solutions. Rm is the clean membrane 
resistance. The R values can be calculated by Eqs 3.4 and 3.5 using the J values determined 
before filtration, at the end of the filtration and after backwash. 
The same membrane was used for all MF runs, and after each run the membrane was 
restored by cleaning in place (CIP) until the permeate flux reached 240 LMH. CIP was 
carried out through the following steps: (1) 0.1 M NaOH solution (65 °C) for 30 min; (2) 
0.1 M HNO3 solution (65 °C) for 20 min; (3) tap water (18-20 °C) for 2 min. All filtration 
tests were run in duplicate. As the final flux of the duplicate tests typically agreed within 
5% and the trend was found to be consistent between the duplicate runs, only one set of 
flux data was reported. Fouling resistance results were reported using average values. 
 
3.7.3.2 Membrane foulant layer characterisation 
In order to get a better understanding of the role of the components of the AOM in the 
fouling of the ceramic MF membrane (Chapter 6), a modified 3-step cleaning protocol 
based on the approach reported by Henderson et al. (2011) was employed to dissect the 
fouling layer, and hence to determine the preferential attachment of AOM components to 
the ceramic MF membrane. The three cleaning steps were: firstly, a cross-flow flush with 
deionized water to detach the outer foulant layer and secondly, a dead-end backwash with 
deionized water (i.e., filtration of deionized water in outside-in mode) to release the foulant 
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layer termed the middle layer. The third step was to detach the inner layer with cross-flow 
chemical cleaning. During the cross-flow flush, the hydraulic forces remove the organics 
mainly deposited on the membrane surface as a result of the strong hydraulic force on 
membrane surface. These foulants are considered to be weakly attached to the membrane. 
For the backwash, as the hydraulic force of the reverse flow inside the membrane pores is 
applied, the organics detached in this step are mainly those trapped in the membrane pores 
and some residual organics on the membrane surface, which cannot be removed by cross-
flow flush. These organics are regarded as attached to/trapped in the membrane pores but 
are hydraulically removable. Since chemical cleaning can completely recover the flux of 
the membrane, the foulants removed by this step represent those strongly attached to the 
membrane since they are hydraulically non-removable. Upon removing each fouling layer, 
a clean water flux was measured to determine the filtration resistance associated with the 
fouling. 
The details of the cleaning protocol are given below: 
1) After filtration of the AOM solution, the feedwater was replaced with deionized water 
which was filtered for 2 min to obtain the clean water flux of the fouled membrane (Ja). 
2) The membrane was flushed using deionized water for 5 min. The flush cleaning was 
carried out at a cross-flow velocity of 2.5 m/s and TMP of 40 kPa. The flushed 
membrane was then used to filter deionized water for 2 min to obtain the clean water 
flux (Jb). 
3) The membrane was backwashed with deionized water for 2 min at the TMP of 70 kPa. 
The backwash cleaning was conducted in outside-in and dead-end mode. The 
backwashed membrane was then used to filter with deionized water for 2 min to 
measure the clean water flux (Jc). 
4) Chemical cleaning was carried out using 0.05 M sodium hydroxide solution for 30 min 
in a cross-flow and inside-out mode and at the TMP of 40 kPa. The chemical cleaning 
solution was then replaced with 0.05 M HNO3 solution for further cleaning for 20 min. 
This was to remove some precipitates formed during alkaline chemical cleaning. The 
clean water flux of the chemically cleaned membrane (Jd) was measured. 
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All the cleaning steps were carried out in place and the cleaning wastes were sampled for 
further chemical analyses. Eq. 3.5 was modified as below to determine the fouling 
resistance. 
 
minnermiddleouterTotal RRRRR +++=                                                                                         Eq. 3.6  
 
where Rinner represents the resistance of inner layer, Rmiddle denotes the resistance of middle 
layer, Router is associated with the resistance of outer layer and Rm is the clean membrane 
resistance. The R values can be calculated by Eqs. 3.4 and 3.6 using the J values (Ja, Jb, Jc 
and Jd) determined using the cleaning protocol.  
 
3.7.3.2 Membrane fouling analysis using filtration models 
Hermia’s constant pressure filtration models including complete blocking, standard 
blocking, intermediate blocking and cake filtration have been widely used to interpret the 
filtration behaviour of dead-end membrane filtration systems (Hermia, 1982). The 
equations of these models are shown in Table 2.1. The identification of the key fouling 
mechanism in this study was conducted by fitting the experimental data to the equations 
used to describe the four filtration models (Eqs. 2.2-2.5). The resulting R-squared (R2) 
value was used to indicate the goodness of the fit. 
 
3.7.4 Multi-cycle MF test  
Similar to single-cycle filtration tests, the multi-cycle filtration runs were carried out in 
inside-out and dead-end mode at a constant TMP of 70 ± 2 kPa. Around 450 mL of feed 
water was filtered for each cycle of MF filtration. Back pulsing (duration 2 s) with 
compressed air was used at the end of each filtration cycle to backwash the membrane. 
Each test was run with 5 filtration cycles. 
 
After each test, the fouled membrane was cleaned by soaking in NaOCl solutions 
(approximately 1000 ppm available chlorine) at 70°C for 45 minutes as suggested by the 
manufacturer. It was found that this chemical cleaning procedure could fully restore the 
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membrane pure water flux. The cleaned membrane was then used in further experiment. 
Prior to each test, Milli-Q water was filtered through the membrane at 70 kPa for 10 
minutes to remove membrane cleaning agents. After that, the initial water flux was 
determined by filtering the Mill-Q water at 70 kPa for 10 minutes. 
 
3.7.5 Unified membrane fouling index (UMFI)  
The unified membrane fouling index (UMFI) developed by Huang et al. (2007b) was used 
to assess membrane performance for multi-cycle MF under constant pressure.  The detailed 
procedure, and the equation derivations and calculations can be found elsewhere (Nguyen 
et al. (2011). The model for UMFI is shown by Eq. 3.7, where the UMFI can be calculated 
using linear regression when the reciprocal of the normalised flux ( JJ /0 ) increases 
linearly with the specific permeate volume (V). 
 
( ) VUMFI
J
J
×+= 10
                                                                                                                Eq. 3.7 
 
However, the reciprocal of the normalised flux ( JJ /0 ) might be a non-linear function of V, 
where the membrane fouling is not linearly dependent on the specific volume. In this case, 
UMFI could be calculated using a 2-point method instead of fitting all the filtration data to 
the equation (i.e., the first and the last data point can be used to determine the index). In 
Chapter 7, the starting and final point of the multi-cycle MF results were used to calculate 
the UMFI.  
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CHAPTER 4 INFLUENCE OF THE CHARACTERISTICS OF 
SOLUBLE AOM RELEASED FROM MICROCYSTIS AERUGINOSA 
ON THE FOULING OF A CERAMIC MF MEMBRANE 
 
The objective of this study was to investigate the impact of the characteristics of soluble 
AOM on the fouling of a commercially available ceramic MF membrane at lab scale. The 
influence of the AOM derived from different phases of M. aeruginosa growth, feed 
solution pre-filtration, and the presence of calcium ions on the fouling was studied. 
Advanced organic matter characterisation techniques including size exclusion 
chromatography (SEC) using liquid chromatography with organic carbon detection (LC-
OCD), fluorescence excitation–emission matrix (EEM) spectra and fractionation using 
resin adsorption chromatography were employed to gain a better insight into the 
characteristics of the organic compounds involved. The content of this chapter has been 
published in the Journal of Membrane Science (See List of Publications for details, page 
III) 
 
4.1 Growth pattern of M. aeruginosa in MLA medium 
M. aeruginosa cultures were cultivated in MLA medium, the cell density was measured as 
a function of algal growth time. As shown in Figure 4.1, the maximal cell density of 3.6 × 
107 cell mL-1 was obtained at around 37 days of algal growth. The 10th, 20th and 35th day of 
algal growth in this study were marked as early exponential phase, late exponential phase 
and stationary phase, respectively. 
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Fig.  4.1 The cell density over the growth cycle for M. aeruginosa in MLA medium 
 
4.2 Influence of AOM from different phases of M. aeruginosa growth  
4.2.1 Flux decline and reversibility of AOM fouling 
Rapid flux decline was observed during the MF of the solutions containing the AOM 
extracted at 10, 20 and 35 days of M. aeruginosa growth, with the majority of flux decline 
occurring before the specific permeate volume reached 30 L m-2 (Fig. 4.2). In the initial 
stage of the filtration (< 30 L m-2), the solution containing Day 35 AOM gave a much more 
rapid and greater flux reduction compared with Day 10 and Day 20 AOM. The maximum 
flux decline was reached at about 40 L m-2 for the Day 35 AOM, whereas Day 10 and Day 
20 AOM solutions led to continued flux reduction until the runs were terminated. On 
reaching 80 L m-2, Day 20 AOM exhibited a similar flux to Day 35 AOM, which was about 
5% greater than Day 10 AOM. Control filtration tests with tap water and MLA solution (the 
concentration of MLA in tap water was the same as that in the Day 10 AOM solution) 
showed the flux decline was relatively insignificant compared with the AOM solutions.  
The impact of the organic matter in the tap water and MLA on the membrane performance 
was therefore considered negligible in this study.  
 
The extent of reversible fouling by the AOM decreased with increasing M. aeruginosa 
growth time, with 35% for Day 10 (Rr  39.4 × 1010 m-1, Ri  48.9 × 1010 m-1), 17% for Day 20 
(Rr  27.7 × 1010 m-1, Ri  82.8 × 1010 m-1) and 10% for Day 35 (Rr  18.3 × 1010 m-1, Ri  103.9 
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× 1010 m-1). Hence the AOM obtained from a later phase of algal growth had higher affinity 
for the ceramic membrane compared with the AOM from an earlier growth phase, and 
consequently led to more severe irreversible membrane fouling. 
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Fig. 4.2 Normalized flux vs. specific volume for the MF of tap water, MLA solution and 
the solutions containing AOM from different phases of M. aeruginosa growth. 
 
4.2.2 AOM rejection by the ceramic MF membrane 
DOC rejection for the AOM from the three phases of M. aeruginosa growth was similar 
(31-35%), and the DOC rejection for each AOM sample was fairly consistent (variation 2-
4%) over the filtration period (Fig. 4.3). A similar trend was observed for UVA254 rejection 
(16-20%), however the UVA rejection was markedly lower than DOC rejection. This 
indicated that the organic matter retained by the membrane contained less UV-absorbing 
organic materials. As suggested by Zheng et al. (2009), the retained organic matter could 
contain a large portion of biopolymer substances in the AOM, such as proteins and 
polysaccharides.  
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Fig.  4.3 DOC and UVA254 rejection during MF of the three AOM solutions. 
 
4.2.3 Characterisation of the AOM by LC-OCD 
In order to interpret the diverse fouling behaviour of the AOM from the different phases of 
algal growth, the molecular weight distribution of the AOM was examined using SEC with 
LC-OCD (Fig. 4.4). The AOM from all three growth phases contained very high MW 
substances such as very high MW biopolymers (> 20,000 Da), high MW substances 
(~10,000 Da), building blocks (usually considered as the breakdown products of the high 
MW humic-like substances, 350-500 Da), and low MW substances (< 350 Da) including 
some acids and humic-like substances. The high MW substances were more likely 
associated with some biopolymers with relatively lower molecular weight (such as small 
polysaccharides, polypeptides and polyamino acids) (Batsch et al., 2005), when compared 
to the very high MW biopolymers in LC-OCD chromatogram. The molecular weight 
associated with this peak (~10,000 Da) was estimated by consulting the results reported by 
Stewart et al. (2013), where the molecular weight was estimated based on the retention time 
of the peak appeared in the LC-OCD chromatogram. 
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Day 10 AOM contained significantly less very high MW biopolymers and high MW 
substances, but more medium MW components, low MW acids and low MW humic 
substances compared with Day 20 and Day 35 AOM. Although Day 35 AOM had a similar 
content of biopolymers and low MW compounds to the Day 20 AOM, it contained 
significantly more high MW substances.  
 
Biopolymers such as polysaccharides and proteins have been proven to result in severe 
fouling of polymeric MF membranes (Lee et al., 2004; Laabs et al., 2006). On the other 
hand, the flux and reversible fouling results presented in section 4.1.1 were related to the 
relative content of the high MW organic compounds (biopolymers and high MW 
substances) in the AOM derived from the different phases of algal growth. The lower 
fouling potential for the AOM from the early exponential phase (Day 10) was due to the 
lower content of biopolymers and high MW substances. The greater fouling potential of 
Day 35 AOM compared with Day 20 AOM was associated with a greater amount of high 
MW substances. However, it may also be possible that the different fouling behaviour of 
the Day 20 and Day 35 AOM was related to the different chemical compositions of their 
biopolymers.  
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Fig.  4.4 LC-OCD chromatograms of the AOM from different phases of M. aeruginosa 
growth. HMWS = high molecular weight substances. 
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4.2.4 Characterisation of AOM by fluorescence EEM spectra  
Fluorescence EEM spectra are widely used for the characterisation of fluorescent organic 
components in natural organic matter or wastewater effluent organic matter. According to 
Chen et al. (2003b), EEM spectra can be divided into 5 regions (Fig. 4.5a).  Regions I 
(Ex/Em: 220-270 nm/280-330 nm) and II (Ex/Em: 220-270 nm/330-380 nm) correspond to 
aromatic proteins, and region III (Ex/Em: 220-270 nm/380-540 nm) is associated with 
fulvic acid (FA)-like substances. Regions IV (Ex/Em: 270-440 nm/280-380 nm) and V 
(Ex/Em: 270-440 nm/380-540 nm) represent soluble microbial products (SMPs, e.g., 
proteins and polysaccharide-like materials) and humic acid (HA)-like materials, 
respectively. The AOM extracts for the different phases of M. aeruginosa growth exhibited 
different EEM spectral features (Figs. 4.5a, b & c). The fluorophores increased with 
increasing M. aeruginosa growth time in all EEM regions, which was likely due to the 
changes in molecular weight/size distribution and/or chemical composition of the AOM 
over the algal growth phases, i.e., from lower MW to higher MW as shown in Fig. 4.4. 
There was a marked increase in fluorescence for all regions between the late exponential 
(20 days) and the stationary phase (35 days) (Figs. 4.5b & c).  
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Fig.  4.5 Fluorescence EEM spectra of (a) Day 10, (b) Day 20 and (c) Day 35 AOM. 
Regions I and II:   aromatic proteins (AP); Region III: fulvic acid-like (FA); Region IV: 
soluble microbial products (SMPs); Region V: humic acid-like (HA). 
 
 
The fluorescence regional integration (FRI) method (Chen et al., 2003b) was used to 
quantify the changes in the fluorescent organic species before and after the MF runs in 
terms of EEM spectra (EEMs) volume in each region (Fig. 4.6). The EEMs volumes of the 
tap water before and after MF are provided as a reference. The EEMs volumes for the HA-
like and FA-like regions of the organic matter in Day 10 AOM solution was mainly 
contributed by the organic matter in the tap water, whereas almost all of the aromatic 
proteins (AP) and SMPs in the solution were contributed by the AOM. After MF, the 
reductions in EEMs volume in all five regions for Day 10 AOM were markedly lower than 
for Day 20 and Day 35 AOM. This suggested that less organic matter associated with these 
regions for the Day 10 AOM was retained by the membrane, and hence led to less fouling 
of the membrane. The lower rejection of these fluorescent organic components was 
attributed to the relative abundance of low MW compounds in the early phase of M. 
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aeruginosa growth (Fig. 4.4). There were considerably greater reductions in EEMs volumes 
in both the AP and SMPs regions for Day 35 AOM and Day 20 AOM (i.e., 66% and 39% 
for AP, 38% and 24% for SMPs, respectively) compared with the reductions in the FA-like 
and HA-like regions (i.e., 34% and 18% for FA-like, 18% and 5% for HA, respectively). 
This indicated that aromatic proteins and SMP-like substances were the major fouling 
organic components to the ceramic MF membrane. It should be noted that a considerably 
greater amount of humic like substances in the Day 35 AOM was retained by the 
membrane compared with Day 20 AOM, this could also play a role in the enhanced 
membrane fouling for the Day 35 AOM.  
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Fig. 4.6 EEM spectra volumes for the AOM and tap water before and after MF. 
4.2.5 AOM fractionation  
The AOM before and after microfiltration was fractionated into different organic groups 
using resin adsorption chromatography, and the results are presented in Fig. 4.7 in terms of 
DOC concentrations. Day 10 AOM contained significantly more hydrophobic (HPO) but 
less transphilic compounds (TPI), and its hydrophilic fraction (HPI) was only slightly lower 
than Day 20 and 35 AOM. Although the rejection of bulk DOC was similar for the three 
AOM samples (Fig. 4.3), the rejection of their fractions varied significantly. There were 
greater reductions in HPO (38%) and TPI (34%) fractions for the Day 10 AOM after MF 
compared with Day 20 (29% HPO and 19% TPI) and Day 35 AOM (33% HPO and 23% 
TPI). However, there was significantly less reduction in HPI (29%) for Day 10 AOM 
compared with Day 20 and Day 35 AOM which had 46 and 63% reduction, respectively. 
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The results suggested that HPI had greater fouling potential than the HPO and TPI 
fractions, as the greater retention of HPO and TPI for Day 10 AOM did not result in poorer 
membrane performance compared with Day 20 or Day 35 AOM. This was consistent with 
some previous studies where the hydrophilic organic fraction that contained a greater 
proportion of high MW compounds such as biopolymers was found to have higher fouling 
potential compared with hydrophobic (such as humic substances) and transphilic 
compounds (Fan et al., 2001; Lee et al., 2004). 
 
Although the HPI content was only slightly higher for Day 35 AOM than Day 10 and Day 
20 AOM, there was a markedly greater retention of this fraction for the Day 35 AOM (63% 
cf. 46% Day 20 and 29% Day 10). This indicated that the composition/physico-chemical 
properties of the HPI fractions in the three AOM samples were markedly different, and 
hence they exhibited different fouling behaviour. It has been reported that the AOM derived 
from the stationary phase of M. aeruginosa contained more hydrophilic biopolymer 
substances (i.e., hydrophilic proteins and carbohydrates) compared with the AOM in the 
exponential growth phase (Henderson et al., 2008). Therefore, the increased fouling by the 
AOM derived from a later algal growth phase in our study was attributed to the hydrophilic 
biopolymers, which had greater fouling potential compared with the other fractional 
components in the AOM.  
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Fig.  4.7 Fractional components of AOM in MF feed and permeate. HPO: hydrophobic 
fraction; TPI: transphilic fraction; HPI: hydrophilic fraction. 
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4.3 Influence of AOM pre-filtration  
The impact of pre-filtration of the AOM on the fouling of the ceramic MF membrane was 
studied by comparing the flux decline and reversible fouling for 0.45, 1 and 5 µm pre-
filtered AOM and non-pre-filtered AOM (with M. aeruginosa cells) (Fig. 4.8). The AOM 
after 5 µm pre-filtration gave significantly less flux reduction during the whole filtration 
period compared with the other feed solutions. It was observed that around 70% of the algal 
cells (> 2 µm) were removed by 5 µm pre-filtration (data not shown), and the lower flux 
reduction for the 5 µm pre-filtered AOM indicated that the remaining particulates 
(including the smaller algal cells) formed a fouling layer with lower filtration resistance. 
The 0.45 and 1 µm filtered AOM caused a similar flux decline over the filtration period, 
which was likely due to these two pre-filtration membranes being relatively similar in pore 
size and hence their filtrates would have similar physico-chemical properties. However, the 
non-pre-filtered AOM produced the greatest flux decline which suggested that the algal 
cell-AOM and/or cell-membrane interactions could have played an influential role in the 
fouling of the ceramic MF membrane. 
 
The above results imply that both dissolved AOM (< 0.45 or 1 µm) and the particulates in 
the AOM solutions can affect the filtration process. The dissolved AOM can cause much 
more rapid and greater flux decline due to the resultant denser fouling layer, and the 
presence of particulates can alleviate the initial rapid flux decline due to the formation of a 
more porous layer of lower resistance. However, the particulates can build up on the 
membrane surface and make the fouling layer thicker as the filtration proceeds, and hence 
increase the filtration resistance, leading to greater further reduction in flux at the later stage 
of filtration (e.g., after 40 L m-2 for the 5 µm pre-filtered AOM). In addition, the AOM 
attached to the algal cells (also termed cell surface AOM or bound extracellular organic 
matter) could cause linkages between the cells, leading to a more compact cake layer under 
the system pressure and hence greater reduction in flux (Babel and Takizawa, 2010).  
 
It was observed that the 5 µm pre-filtered AOM gave the highest reversible fouling (around 
21%, Rr   43.9 × 1010 m-1, Ri   97.8 × 1010 m-1). This was likely due to the loosely bonded 
“pre-layer” formed by the particulates which can prevent smaller particulates from entering 
the membrane pores, and hence lead to reduced irreversible fouling. As a comparison, only 
8-10% reversible fouling (Rr   24.6 × 1010 m-1, Ri   119.9 × 1010 m-1) was obtained for the 
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AOM pre-filtered by the 0.45 or 1 µm filters. The non-pre-filtered AOM solution (i.e., with 
cells) also produced lower reversible fouling (10%, Rr  25.8 × 1010 m-1, Ri  128.9 × 1010 m-
1). This was likely due to the presence of the algal cell surface AOM which was reported to 
have higher potential for irreversible membrane fouling compared with the dissolved AOM 
(Qu et al., 2012a). 
 
0 20 40 60 80 100
0.0
0.2
0.4
0.6
0.8
1.0
 
 
 AOM with cell
 0.45 micron
 1.0 micron
 5.0 micron
N
o
rm
al
iz
ed
 
flu
x
 
(J/
J 0
)
Specific volume (L/m2)
 
Fig. 4.8 Normalized flux vs. specific volume for the MF of the solutions of: 1) AOM with 
cells; 2) 0.45 µm pre-filtered AOM; 3) 1.0 µm pre-filtered AOM; 4) 5.0 µm pre-filtered 
AOM. (All feed solutions contained the AOM extracted from stationary phase) 
 
4.4 Influence of calcium ion 
In order to get further insights into the interfacial characteristics of the AOM, calcium (i.e., 
CaCl2) of different concentrations was added to feed solutions containing stationary phase 
AOM. Addition of calcium (1 mM ~ 10 mM) reduced the flux decline markedly (Fig. 4.9), 
with 2.5 mM of calcium giving slightly greater flux improvement compared with other 
dosages. As noted by Qu et al. (2012b), this was attributed to the addition of calcium 
increasing the AOM molecular sizes due to complexation. A significant amount of calcium 
was retained by the membrane at all dosages, i.e., 17.5 - 49.7% (Table 1), which indicated 
the formation of large complexes of calcium ions and the AOM (i.e., > 0.1µm). The large 
AOM complexes would then form a more porous pre-layer and so result in a higher 
filtration flux. It was observed that the addition of calcium also led to increased reversible 
fouling at all calcium dosages (from 11% to 20-25%, Rr from 18.3 × 1010 m-1 to - 43.7 × 
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1010 m-1, Ri from 103.9 × 1010 m-1 to 77.7 × 1010 - 97.8 × 1010 m-1 ). At 10 mM calcium, 
there was less flux improvement. This was most probably due to the increased amount of 
AOM-calcium complexes (as indicated by the increased calcium retention at 10 mM), 
which would result in a thicker cake layer and hence higher resistance to the filtration.  
 
The DOC retained by the ceramic membrane during MF of the feed solution without 
addition of calcium was slightly higher than the feed with the calcium addition at 1.0, 2.5 or 
5.0 mM (Table 4.1). This was attributed to the denser fouling layer formed by the AOM 
solution (no calcium addition), which led to the greater retention of some AOM molecules 
compared with the more porous layer formed by the AOM-calcium complexes. However, 
the calcium dosage at 10 mM resulted in a greater DOC retention compared with the feed 
without calcium addition. This could be due to the trapping of some AOM molecules by the 
resultant thicker fouling layer and/or the increased complexation of the AOM at the high 
calcium dosage. It is known that at high calcium concentration, aquatic organic matter 
becomes insoluble when maximum complexation is attained (Hong and Elimelech, 1997).  
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Fig. 4.9 Normalized flux vs. specific volume for the MF of AOM (stationary phase) 
solutions with and without addition of calcium. 
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Table 4.1 Retention of calcium and DOC by the ceramic MF membrane at different calcium 
dosages. 
Calcium dosage (mM) Calcium retention (%) DOC retention (%) 
0 – 36.5 
1.0 17.5 33.4 
2.5 37.0 31.8 
5.0 42.5 32.3 
10.0 49.7 41.1 
 
4.5 Summary 
The influence of the soluble AOM extracted from three different phases of  M. aeruginosa 
growth, AOM pre-filtration and the presence of calcium ion on the fouling of a 0.1 µm 
ZrO2–TiO2 ceramic MF membrane was studied. AOM from the different algal growth 
phases all caused rapid and great flux decline, but exhibited different fouling potentials, 
with fouling for the stationary phase>late exponential phase>early exponential phase. 
Characterisation of the AOM using SEC with LC-OCD, fluorescence EEMs and organic 
matter fractionation indicated that the biopolymers (containing mainly proteinaceous 
materials and polysaccharides) were the major organic component that determined the 
severity of the AOM fouling of the ceramic MF membrane. Since the amount of 
biopolymer in the late exponential and the stationary phase AOM was fairly similar, it is 
suggested that a difference in the properties of the biopolymers led to the higher fouling 
potential of the stationary phase AOM. 
 
For the stationary phase, the soluble AOM (i.e., 0.45 or 1 µm pre-filtered) caused more 
rapid flux decline compared with the 5 µm pre-filtered AOM. The relatively lower flux 
decline for the 5 µm pre-filtered AOM was attributed to a more porous foulant layer due to 
the presence of particulates in the feed solution. However, the non-pre-filtered AOM (with 
algal cells) produced the greatest flux reduction, which was likely due to the presence of the 
high fouling potential cell surface organics. The addition of calcium to the AOM solutions 
led to reduced flux decline and increased reversible fouling due to complexation of the 
calcium ions with the AOM molecules to form large complexes and consequently a more 
porous foulant layer on the membrane surface. 
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The results indicate that monitoring algal growth can be important for the effective 
prediction of fouling and implementation of maintenance measures for ceramic membrane 
systems during cyanobacterial bloom events. Removal of cyanobacterial cells by a loose 
MF pre-filter (e.g., 5 µm) may mitigate membrane fouling due to the reduction of the cell 
surface organic matter. Furthermore, chemical coagulation may be an effective pre-
treatment of AOM containing water for improving the filtration performance of the ceramic 
MF membranes. 
 
To obtain a further understanding on the fouling mechanism involved in the MF of feed 
water containing AOM, an investigation into the impact of other variables such as feed 
solution chemistry and operating pressure conditions was conducted (Chapter 5). Moreover, 
more details about the role of the components in the AOM in the fouling of the ceramic 
membrane were studied (Chapter 6). 
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CHAPTER 5 IMPACT OF THE FEED SOLUTION CHEMISTRY AND 
OPERATING CONDITION ON THE FOULING OF A CERAMIC MF 
MEMBRANE BY SOLUBLE AOM 
 
The objective of the work reported in this chapter was to evaluate the effects of feed 
solution chemistry including AOM concentration, pH and ionic strength, and operating 
pressure (i.e., TMP under constant filtration mode) on the severity of the AOM fouling on 
the ceramic membrane. 
 
5.1 Influence of AOM concentration 
Fig. 5.1a shows the flux patterns for the feedwater at different AOM concentrations (1.5, 3 
and 7.5 mg DOC L-1) in feed water during the MF. The pH, ionic strength and TMP 
condition was fixed at 8, 9×10−4 M and 70 kPa, respectively. Significant flux decline (40%) 
was shown at a lower concentration of AOM (1.5 mg DOC L-1). The extent of flux decline 
for the MF of feed water containing 3 mg DOC L-1 of AOM was similar to 1.5 mg DOC L-1 
AOM in the initial stage of filtration (< 20 L m-2), but increased more rapidly afterwards, 
(i.e. 50% c.f. 40 % reduction in initial flux at the end of MF runs). The feed solution with 
7.5 mg DOC L-1 of AOM caused even worse flux decline, resulting in 80% reduction in 
initial flux at the end of the filtration. The results suggested that the amount of AOM 
molecules had direct impact on the fouling of the MF ceramic membrane. It was shown the 
reversible fouling decreased with increasing AOM content, whereas the extent of 
irreversible fouling increased significantly (Fig. 5.1b) This suggested that the greater AOM 
content in feed water could lead to a markedly low permeate flux and increased irreversible 
fouling, requiring higher frequency of chemical cleaning to maintain the filtration 
performance.  
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Fig. 5.1 Effect of AOM concentration on the AOM fouling of the MF ceramic membrane, 
a) flux decline b) membrane fouling resistance 
 
5.2 Influence of solution pH 
The flux decline for the AOM containing water (3 mg DOC L-1) at different initial pH 
conditions (6, 8 and 9) is presented in Fig. 5.2a. The ionic strength and TMP condition was 
set up at 9×10−4 M and 70 kPa, respectively. The normalized permeate flux for the AOM at 
pH 8 was only slightly greater than the AOM solution at pH 6 before reaching 40 L m-2. 
After that, the flux decline for them was almost identical. For the solution at pH 9, the flux 
decline was almost the same as that at pH 8. Similar to the flux decline, no significant 
difference in reversible and irreversible fouling resistance at different pH could be found 
(Fig. 5.2b). It is well known that electrostatic interaction between membrane materials and 
aquatic organic matter could affect the filtration performance markedly, where the solution 
pH condition could significantly alter the zeta potential of organic molecules and 
membrane materials (Wang and Tang, 2011). However, the experimental results in this 
study suggested that the solution pH range of 6-9 did not affect the fouling of the ceramic 
MF membrane by the AOM.  This was likely attributed to the constant zeta potential 
between pH 4-10 for the AOM released from M. aeruginosa (Henderson et al., 2008).  
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Fig. 5.2 Effect of solution pH on the AOM fouling of the MF ceramic membrane, a) flux 
decline b) membrane fouling resistance. 
 
5.3 Influence of solution ionic strength 
In order to investigate the effect of ionic strength, the AOM concentration, pH and TMP 
were fixed at 3 mg DOC L-1, 8 and 70 kPa, respectively. The extent of flux decline of AOM 
on the MF ceramic membrane was greater at a higher NaCl dosage (Fig. 5.3a). Similar to 
the flux decline, both the reversible and irreversible fouling resistance increased with the 
increasing NaCl dosage. However, the proportion of reversible fouling resistance in total 
fouling resistance was very similar for 10 mM and no NaCl addition (i.e. 27% c.f. 28%). 
Under higher ionic strength environment (50 mM NaCl dosage), much less reversible 
fouling (20%) was obtained compared with the AOM solutions with 0 and 10 mM NaCl 
dosage. The higher fouling potential and lower fouling reversibility at higher ionic strength 
can be interpreted as being due to the reduced electrostatic repulsion between the AOM 
compounds or between the AOM and ceramic membrane as a result of electrical double 
layer compression caused by the high ionic strength (Wang and Tang, 2011). The reduced 
repulsion resulting from the compression effect facilitated the formation of more compact 
cake layer on the ceramic membrane surface, and more organics in AOM being adsorbed 
into membrane pores compared with the lower ionic strength condition. Moreover, under 
higher ionic strength condition, AOM molecules tend to curl up due to the charge shielding 
of their functional groups, which could also result in the forming of a more compact layer 
resulting poorer membrane flux and reversibility (Liang et al., 2008). 
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Fig.  5.3 Effect of ionic strength on the AOM fouling of the MF ceramic membrane, a) flux 
decline b) membrane fouling resistance 
 
5.4 Influence of TMP 
The impact of operating pressure on membrane fouling was evaluated at the TMP of 50, 70 
and 100 kPa, where the AOM concentration, pH, ionic strength and TMP condition was 
fixed at 3 mg DOC L-1, 8, 9×10−4 M, respectively.  As shown in Fig. 5.4a, the lowest flux 
decline was obtained at TMP 50 kPa with 50% of the initial flux remained on completion of 
the filtration. At the initial stage (< 40 L m-2), the filtration tests at 70 and 50 kPa had fairly 
similar flux decline. After that, the flux decline at 70 kPa was greater than that at 50 kPa, 
which was very close to that at 100 kPa (approximately 60% reduction in initial flux). At 
TMP 100 kPa the filtration had the lowest reversible fouling resistance but the highest 
irreversible resistance compared with the filtration tests at 50 and 70 kPa (Fig. 5.4b). This 
was probably because the cake layer formed by AOM compounds on membrane surface 
was more compact at higher TMP as a result of its compressible nature (Babel and 
Takizawa, 2010), and/or more AOM was ‘pushed’ into the membrane inner structure, 
which was more difficult to be effectively removed by hydraulic cleaning. 
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Fig. 5.4 Effect of TMP on the AOM fouling of the MF ceramic membrane, a) flux decline 
b) membrane fouling resistance 
 
5.5 Summary 
 
The effect of feed solution chemistry including AOM concentration, pH and ionic strength 
as well as operating pressure condition on AOM fouling of the ceramic membrane was 
evaluated. It was found that increasing AOM concentration in the feed water, ionic strength 
and TMP had direct impact on the fouling of MF ceramic membrane. Increasing AOM 
concentration of the feed water led to higher flux decline and greater irreversible membrane 
fouling. No obvious difference in flux decline and fouling reversibility was observed for the 
feedwater with different initial pH range of 6-9. Higher ionic strength caused higher flux 
decline and lower membrane reversibility. This was attributed to the ionic strength reducing 
the repulsion between AOM molecules, and the altered shapes of the AOM molecule under 
high ionic strength condition, which could enhance the compactness of the foulant layer. 
Higher TMP condition resulted in higher flux decline and lower fouling reversibility, which 
was likely due to the compressible AOM foulant layer being more compact under a higher 
TMP condition. 
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CHAPTER 6 UNDERSTANDING THE FOULING OF A CERAMIC MF 
MEMBRANE CAUSED BY THE AOM 
 
In order to obtain some further information about the contribution of AOM components to 
the fouling the ceramic membrane, the 3-step membrane cleaning approach as described in 
detail in Section 3.7 was used to detach the foulant layers of the fouled membrane (i.e., 
outer, middle and inner layer detached from the membrane using cross-flow flush, 
backwash and chemical cleaning, respectively).The fouling layers were characterised using 
mass balances based on the DOC, protein and carbohydrate content of the MF feed, 
permeate and the foulant residing in each of the fouling layers. Advanced organic matter 
characterisation techniques, including SEC-LC-OCD, fluorescence EEM spectra and 
organic matter fractionation by resin adsorption chromatography were also utilised to 
provide additional information for understanding the AOM fouling mechanism. The work 
reported in this chapter has been published in the Journal of Membrane Science (See List of 
Publications for details, page III)  
 
6.1. Contribution of the fouling layers to the flux decline and filtration resistance  
The initial flux was reduced by more than 80% after filtration of 80 L m-2 of the AOM 
solution (8 mg DOC L-1, stationary phase) (Fig 6.1a). On completion of the filtration, the 
outer fouling layer contributed to 81% of the total filtration resistance resulting from the 
fouling (Fig 6.1b). This suggested that the flux decline was primarily caused by the 
gel/cake layer formed mainly due to the deposition of large AOM molecules on the surface 
of the ceramic MF membrane. The resistance of the middle layer was minimal (1% of total 
fouling resistance), indicating that the AOM molecules within this layer had little impact on 
the flux decline. The hydraulically non-removable fouling resistance comprised 18% of 
total fouling resistance, which was most likely the result of the strong attachment of the 
AOM molecules to the membrane pore walls to form an inner fouling layer.  
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Fig. 6.1 a) Normalized flux vs. specific volume for the MF of the AOM solution; b) 
contribution to the filtration resistance by each fouling layer. 
 
6.2. Characterisation of feed, permeate and membrane foulant 
The organic matter in the feed, permeate and each fouling layer was then characterised in 
order to determine the distribution of various AOM components on the ceramic MF 
membrane, and hence understand their roles in the fouling.  
 
6.2.1 Content of carbohydrates, proteins and aromatics in each fouling layer 
The content of carbohydrates, proteins and aromatic compounds in each fouling layer was 
determined since these compounds in the AOM have been considered as critical in causing 
severe fouling of low pressure polymeric and ceramic membranes (Qu et al., 2012b). Mass 
balances for DOC, carbohydrates and proteins were established to obtain their distributions 
in the fouling layers and permeate (Fig.6.2). The organic matter in the outer layer accounted 
for 51% of the total DOC of the feed, whereas the middle and inner layer contained 3 and 
22% of the DOC, respectively. The organic matter in the permeate accounted for 24% of 
the total DOC. Interestingly, the distribution of carbohydrates in the three fouling layers 
and permeate was fairly similar to that of DOC. A considerably higher proportion of 
proteins passed through the membrane compared with carbohydrates (i.e., 40% cf. 25%), 
and a lower proportion of proteins was present in the outer layer (i.e. 36% cf. 49% for 
carbohydrates). This suggests that carbohydrate molecules in the AOM were more likely to 
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bind to the membrane surface than proteins, but their attachment to the membrane was 
weak as the outer layer could be easily removed using cross-flow flush.  
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Fig. 6.2 Content of fouling layers and permeate in terms of DOC, carbohydrates and 
proteins (Total DOC, carbohydrate and protein in the feed were 20.74 ± 0.59 mg, 37.19 ± 
1.90 and 9.27 ± 0.65 mg, respectively). 
 
The carbohydrate/protein (C/P) ratio was used to evaluate the location of carbohydrates and 
proteins in each fouling layer. The C/P value of the feed AOM solution was reduced 
significantly after filtration (from 4.04 to 2.65), indicating more carbohydrates than proteins 
were retained by the membrane. All fouling layers had a higher C/P value than the feed, 
meaning more carbohydrates than proteins were located in the fouling layers. Of the three 
layers, the outer layer contained the highest proportion of carbohydrates, with a C/P of 6.08 
(Table 6.1). This implied that the carbohydrates of large size, such as polysaccharides, 
tended to be deposited on the membrane surface. The C/P values for the middle and inner 
layer were comparable (5.24 cf. 5.29), indicating a similar relative composition of 
carbohydrates and proteins for these layers.  
The content of aromatic compounds in the fouling layers was estimated by specific UV 
absorbance (SUVA) which can be used as an indicator of aromaticity of organic matter 
(Table 6.1). The organic matter forming the inner fouling layer had a SUVA of 1.15, which 
was significantly higher than for the other layers (0.06 for middle layer and 0.12 for outer 
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layer), indicating that the inner layer had a much higher content of aromatic compounds. 
The organics in the outer layer had a slightly lower aromaticity level compared with the 
feed (SUVA 0.12 cf. 0.16). As the SUVA of the feed was much lower than for permeate 
(0.65), this indicated that a significantly greater proportion of the aromatic than non-
aromatic organic molecules passed through the membrane.  
 
Table 6.1 Characteristics of organic matter in feed, permeate and fouling layers 
Feed Permeate Outer layer Middle layer  Inner layer 
C/P (mg/mg) 4.04±0.49 2.65±0.77 6.08±2.54 5.24±0.60 5.29±2.22 
SUVA 0.16±0.01 0.65±0.04 0.12±0.06 0.06±0.02 1.15±0.20 
 
6.2.2 Fluorescence EEM spectra 
The fluorescence EEM spectra in the five regions for MF feed, permeate and each fouling 
layer are presented in Fig. 6.3. Fluorescence responses in AP and SMP regions were shown 
in all fouling layers indicating that the AP and SMP-like substances were present on 
membrane surface and in membrane pores. In addition to SMP and AP, significant 
fluorescence responses in HA and FA region were shown for the inner layer, which might 
suggest that the humic-like substances played important roles in the formation of the 
irreversible inner layer  (Fig. 6.3 c-e). 
 
The FRI method was used to determine the changes in the fluorescent organic species 
before and after each MF run, and the distribution of these species in each fouling layer in 
terms of EEMs volume. After the MF, EEMs volume of permeate decreased markedly in all 
five regions (Fig 6.4). There were considerably greater reductions in EEMs volumes in the 
AP and SMPs (i.e., 88% for AP, 53% for SMPs, respectively) compared with humic acid-
like substances (i.e., 46% for FA-like and 16% for HA-like, respectively). This indicated 
that the fluorescent aromatic proteins and SMPs in the AOM were retained to a greater 
extent by the membrane compared with the humic-like substances.  
 
   70 
 
280 320 360 400 440 480 520
240
280
320
360
400
III
V
I + II
Em wavelength (nm)
Ex
 
w
av
e
le
n
gt
h 
(nm
)
0
5.000
10.00
15.00
20.00
25.00
30.00
35.00
40.00
45.00
50.00
a
IV
 
280 320 360 400 440 480 520
240
280
320
360
400 b
Em wavelength (nm)
Ex
 
w
av
el
e
n
gt
h 
(nm
)
0
5.000
10.00
15.00
20.00
25.00
30.00
35.00
40.00
45.00
50.00
 
280 320 360 400 440 480 520
240
280
320
360
400 c
Em wavelength (nm)
Ex
 
w
av
el
en
gt
h 
(nm
)
0
5.000
10.00
15.00
20.00
25.00
30.00
35.00
40.00
45.00
50.00
 
280 320 360 400 440 480 520
240
280
320
360
400 d
Em wavelength (nm)
Ex
 
w
av
e
le
n
gt
h 
(n
m
)
0
5.000
10.00
15.00
20.00
25.00
30.00
35.00
40.00
45.00
50.00
 
280 320 360 400 440 480 520
240
280
320
360
400 e
Em wavelength (nm)
Ex
 
w
av
el
en
gt
h 
(nm
)
0
5.000
10.00
15.00
20.00
25.00
30.00
35.00
40.00
45.00
50.00
 
 
 
Fig. 6.3 EEM spectra of (a) feed (DOC 8.20 mg L-1), (b) permeate (DOC 2.00 mg L-1), (c) 
outer layer (DOC 1.70 mg L-1), (d) middle layer (DOC 2.20 mg L-1) and (e) inner layer 
(DOC 0.82 mg L-1) 
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Fig.6.4 EEMs volumes for the MF feed and permeate. 
 
6.2.3 Size exclusion chromatography (SEC) 
The apparent molecular weight distribution of the organic matter in the feed, permeate, 
outer and middle layers was examined using SEC with LC-OCD (Fig. 6.5). In order to 
compare their molecular weight distribution on the same basis, all samples were diluted 
with MilliQ water to 1.9 ± 0.2 mg DOC L-1 prior to LC-COD analysis. Membrane foulant 
recovered by chemical cleaning (i.e., organic matter in inner fouling layer) was not 
analysed by this technique due to the inherent extremely high ionic strength of the sample, 
which could greatly affect the accuracy of the DOC detector (Her et al., 2002). The AOM 
in the feed contained very high MW substances such as very high MW biopolymers, high 
MW substances, building blocks, and low MW substances, which accounted for 22, 32, 13 
and 33% of the total DOC, respectively. The very high MW biopolymers were removed 
almost completely after the microfiltration, showing the great retention of these organic 
components by the membrane. The high MW substances were the dominant compounds in 
the permeate, and accounted for around 45% of the total DOC of the permeate. The organic 
matter in the outer and middle fouling layers was dominated by the very high MW 
biopolymers, i.e., 48 and 53% of the total DOC content in each fouling layer, respectively. 
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Fig. 6.5 LC-OCD chromatograms of the different fouling layers eluted from the ceramic 
membrane after MF of the AOM from stationary phase. (HMWS = high molecular weight 
substances, LMW = low molecular weight, all samples were diluted to  
1.9 ± 0.2 mg DOC L-1 prior to LC-COD analysis) 
 
Mass balances for the AOM components based on LC-OCD chromatograms were 
established for quantifying their contributions to the fouling layers (Fig 6.6). Almost all of 
the very high MW biopolymers in the feed solution resided in the hydraulically removable 
layers (outer and middle layers, accounting for 96 and 3%, respectively), with only 1% of 
such organics passing through the membrane. The results demonstrated that the very high 
MW biopolymers were preferentially deposited on the membrane surface instead of 
entering the membrane pores or passing through the membrane. High MW substances were 
mostly present in the inner layer (68%) and this was consistent with the findings in Chapter 
4, which demonstrated that the high MW substances with a molecular weight around 
10,000 Da in AOM from M. aeruginosa played an important role in the irreversible fouling 
of the MF ceramic membrane. These substances would be small enough to enter the pores, 
and be adsorbed by the membrane inner structure, resulting in hydraulically irreversible 
membrane fouling. Almost all of the remaining high MW compounds ended up in the MF 
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permeate (i.e., 32%). The medium MW AOM components (i.e., building blocks) were 
mainly located in the outer layer (54%) and MF permeate (45%). More than half of the low 
MW AOM (< 350 Da) was found in the outer layer.  
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Fig. 6.6 Contents of the different AOM components in the fouling layers and permeate in 
terms of apparent molecular weight (measured as DOC) 
 
6.2.4 Characterisation of the AOM components in terms of hydrophilicity 
The organic matter in the MF feed, permeate and the three fouling layers was fractionated 
into three groups based on their hydrophilicity using resin adsorption. The hydrophilic 
organics (HPI) contributed more than half of the total DOC in the feed (52%), and the 
hydrophobic (HPO) and transphilic organic matter (TPI) contributed 30% and 18%, 
respectively (Fig. 6.7a). Further chemical analyses of the fractional components of the 
AOM showed that the majority of the carbohydrates (56%) in the AOM were hydrophilic in 
nature, whereas the hydrophobic AOM was dominated by proteinaceous substances (55%). 
The contents of DOC, carbohydrates and proteins in the transphilic fraction of the AOM 
were fairly low, and comparable, each around 20%. 
 
DOC distribution for AOM fractions in different fouling layers and permeate calculated 
from mass balance (Fig. 6.7b) showed that the majority of the hydrophobic compounds 
(over 85%) were present in the outer fouling layer, whereas most of the transphilic 
compounds (63%) were in the permeate, and the hydrophilic organics were fairly evenly 
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distributed in the outer and inner layer, and in the permeate (34, 33 and 29%, respectively). 
Only minimal amounts of hydrophobic (1%) and hydrophilic (2%) organics were present in 
the middle layer. The results showed that the majority of the hydrophobic organics 
deposited on membrane surface, only a very small amount of them formed the middle layer, 
and only small proportions of them were retained by membrane as the inner layer or passed 
through the membrane. Only 21% and 15% of transphilic organics appeared in the outer 
and inner layer, respectively,  which indicated these compounds tended to pass through the 
membrane as they do not usually comprise macromolecules such as polysaccharides and 
proteins (Cho et al., 1999; Fan et al., 2001; Lee et al., 2005; Lehman and Liu, 2009; Fang et 
al., 2010). The distribution of the hydrophilic fraction of the AOM suggested that these 
compounds could either go through the membrane, deposit on the membrane surface or 
adhere inside the membrane pores, their location would depend upon their physicochemical 
properties such as molecular weight/size and surface charge. 
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Fig. 6.7 a) Components of the fractions of the MF feed; b) Fractions for the AOM 
components in the fouling layers and permeate 
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6.3 Discussion 
The formation of a gel/cake layer due to deposition of organic matter (primarily larger 
molecules) on the membrane surface, and restriction of inner pores by entrapment and/or 
adsorption of smaller molecules within the membrane, are considered to be the major 
mechanisms causing flux decline on filtration of the AOM solution with the ceramic MF 
membrane. The relative importance of each of the mechanisms in governing the flux 
decline and the reversibility of the fouling would depend on the characteristics of the AOM 
such as molecular weight/size, hydrophilicity and charge.  
 
The majority of the very high MW (> 20,000 Da) substances (>90%, Fig. 6.6), which 
contributed to 24% of the total DOC in the MF feed, were retained by the membrane to 
form an outer layer. The outer layer also contained a significant amount of medium and low 
MW compounds, accounting for 9 and 16% of the total DOC, respectively. In terms of 
hydrophilicity of the organic matter, the outer layer consisted of hydrophobic (27% of total 
DOC), transphilic (4%) and hydrophilic substances (19%). These data suggested that the 
outer layer resulted from the deposition of the very high MW substances, such as 
polysaccharides and proteinaceous substances, on the membrane surface to form a thick and 
dense layer due to their high mass fraction in the AOM and the hydrophobic interaction 
between the molecules. As the filtration proceeded, the outer layer enhanced the 
entrapment/retention of some smaller molecules and became thicker, leading to a marked 
increase in filtration resistance and the consequent severe flux decline. However, the 
attachment of this layer to the membrane was weak due to the hydrophilic nature of the 
membrane surface layer, making it easily removed by tangential flow, through which over 
60% of the flux was recovered. 
 
The middle layer contained only minimal organic matter (3% of the total DOC) with the 
very high MW biopolymers a major component (1% of the total DOC).  The organics 
forming this layer were mainly hydrophilic in property (Fig. 6.7b), and their entrance to the 
pores was likely the result of the hydrophilic nature of these organics, which could facilitate 
them to enter into membrane pores instead of being trapped in surface layer by the foulant-
foulant hydrophobic interaction. These organics could reach the inner structure of the 
ceramic membrane, and were entrapped there, but could be removed by applying a reverse 
hydraulic force (i.e., backwash). The middle layer contributed very little to the filtration 
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resistance due to its containing minimal mass and hence having very little impact on 
blocking the membrane inner pores.  
The inner fouling layer was dominated by the high MW substances (~10,000 Da) and low 
MW substances (< 350 Da), which contributed 21% and 5% of the total DOC in the MF 
feed, respectively. The inner layer contained more hydrophilic organics than hydrophobic 
organics (17% cf. 2%). In addition, the low MW substances of the inner layer could contain 
a certain amount of hydrophilic sugars and amino acids (Huber et al., 2011), which would 
also contribute to the domination of hydrophilic organic molecules in this layer. The results 
suggest that the hydrophobic interaction may not be the dominating factor causing the 
hydraulically irreversible fouling due to the primarily hydrophilic nature of the inner 
fouling layer and the ceramic membrane (Lee et al., 2013). Other factors such as 
electrostatic interaction could have played a more important role in the formation of the 
inner layer. In addition, physical attachment of some low MW substances to the membrane 
inner pores such as irreversible plugging may also contribute to the hydraulically 
irreversible fouling.  
 
6.4 Summary 
The role of the components in the AOM released from M. aeruginosa in the fouling of the 
ceramic MF membrane was investigated in this chapter. The majority of the flux decline 
due to the presence of AOM in the feedwater was caused by the surface deposition of a 
large amount of very high MW substances including carbohydrates and proteinaceous 
compounds to form an outer fouling layer. These compounds had overall hydrophobic 
properties, and could form a dense layer on the membrane surface due to hydrophobic 
interactions between the organic molecules. The outer fouling layer could become thicker 
due to the entrapment of medium and low MW molecules as the filtration proceeded, 
leading to greater filtration resistance and hence greater flux reduction. However, the 
attachment of these AOM components to the membrane was considered weak due to the 
hydrophilic nature of the ceramic membrane surface making them easily removed by 
applying a tangential hydraulic force. The middle layer, that could be removed by 
backwash, contained only a very small amount of organic matter and contributed very little 
to the flux decline. The main component of the middle layer was high MW hydrophilic 
substances (such as high MW polysaccharides), which were thought to preferentially enter 
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the membrane pores due to their hydrophilic nature. The inner fouling layer was dominated 
by high MW and low MW substances. They could attach strongly to the inner membrane 
wall by adsorption between the organics and the membrane, and irreversible plugging, 
resulting in hydraulically irreversible fouling.   
 
Some enhanced understanding about the interaction between AOM and MF ceramic 
membrane was obtained through the above studies. Since aquatic humic substances are 
ubiquitous in natural waters, more information regarding to the impact of the presence of 
AOM and humic substances in the feedwater on the fouling was investigated in Chapter 7. 
 
   78 
 
CHAPTER 7 IMPACT OF THE INTERACTION BETWEEN 
AQUATIC HUMIC SUBSTANCES AND AOM ON THE FOULING OF 
A CERAMIC MF MEMBRANE 
 
A better understanding of the impact of the co-occurrence of the aquatic humics and AOM 
in feedwater on the fouling of ceramic membrane systems would help plant operators in 
implementing effective measures to control the fouling. As such, the aim of this study was 
to investigate the influence of the interaction between the AOM released from M. 
aeruginosa and the well characterised Suwannee River organic matter (i.e., HA, FA and 
NOM) on the fouling of a commercially available ceramic MF membrane. The interaction 
between the organic substances was examined in terms of the changes in molecular size, 
molecular weight, surface charge and hydrophilicity.  
 
7.1 MF of the solutions containing individual and mixed compounds 
The normalized flux for the MF of the solutions containing AOM (2 mg DOC L-1, 
stationary phase), HA (2 mg DOC L-1), FA (2 mg DOC L-1) and NOM (2 mg DOC L-1) 
individually and their mixtures (the composition of the feed can be seen in Table 3.1) is 
shown in Fig.7.1. AOM alone gave a significantly greater flux decline compared with the 
other organic compounds, with approximately 60% of flux decline obtained at the end of 
the single cycle filtration (Fig. 7.1a). The humic acid (HA) resulted in only slightly greater 
flux decline compared with the fulvic acid (FA) (i.e., 34% cf. 30%). The NOM and the 
mixture of HA and FA exhibited less flux decline compared with the other compounds, 
with 24% and 21% flux reduction obtained at the end of the filtration.  
 
The presence of AOM in the HA, FA, HA+FA and NOM solutions led to a much greater 
flux decline at the specific permeate volume of 60 L m-2 compared with the solutions 
containing only humics or NOM (Fig. 7.1b). However, the solutions of mixed compounds 
gave a very similar flux decline compared with the solution containing AOM only. This 
indicates the flux performance of the ceramic MF membrane in the single-cycle filtration of 
the organic mixtures was predominantly governed by the AOM.  
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Fig. 7.1 Flux profiles for the MF of the solutions containing a) AOM, HA, FA, HA+FA and 
NOM, respectively; b) HA+AOM, FA+AOM, HA+FA+AOM and NOM+AOM, 
respectively. 
 
The fouling resistance resulting from the various MF feeds is presented in Fig. 7.2. The 
solution containing AOM led to the highest reversible fouling resistance, but lower 
irreversible fouling resistance compared with the other solutions except NOM alone and 
HA+FA. NOM alone gave the lowest reversible and irreversible fouling resistance, whereas 
HA+FA resulted in slightly higher values for these resistances. HA alone resulted in 
slightly higher reversible fouling resistance compared with FA, but similar irreversible 
fouling resistance. 
 
Addition of AOM to the solutions containing aquatic humics or NOM resulted in a 
markedly increased irreversible fouling resistance, which was approximately 2-fold greater 
than for AOM alone. This also led to a significant increase in reversible fouling compared 
with the solutions containing humics or NOM only, although the resultant reversible 
fouling resistance was lower than that for the solution containing AOM only.  
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Fig. 7.2 Comparison of membrane fouling resistance resulted from the various feed 
solutions. 
 
7.2 DOC and UVA254 rejection 
The overall rejection of DOC and UVA254 by the membrane for the various feed solutions 
was monitored as a means of understanding the impact of the interaction between the 
organic compounds (Fig. 7.3). The AOM alone had a fairly high DOC rejection (88%) but a 
low UVA254 rejection (16%), which was attributed to the organics containing a great 
proportion of high molecular weight (MW) and non-UV absorbing substances (such as 
polysaccharides and proteinaceous materials). The DOC and UVA254 rejections for HA 
were much higher than those of FA (i.e., 88% cf. 61% for DOC, 80% cf. 57% for UVA254, 
respectively). This was related to HA containing a greater proportion of higher MW 
substances which are highly UV-absorbing compared with the FA (Her et al., 2002). 
HA+FA had a higher rejection of DOC (80%) and UVA254 (75%) compared with the FA, 
but a lower rejection than the HA. 
 
Adding AOM into the solutions containing aquatic humics led to a slight increase in 
UVA254 rejection. However, the DOC rejection remained almost unchanged for the mixed 
compounds when comparing with the average DOC rejection for the individual compounds 
(i.e., 91% cf. 88% for HA+AOM, 75% cf. 74% for FA+AOM and 83% cf. 82% for 
HA+FA+AOM). The results suggest the high UV-absorbing materials in the humic 
substances may interact with the AOM molecules, leading to the greater retention of the 
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smaller/low MW humics molecules by the membrane. However, these humic molecules 
would only contribute very little to the total DOC since the DOC rejection for the mixed 
compounds was similar to the average DOC rejection for the individual compounds. In 
order to obtain further insights into the interaction between the organic compounds, some 
advanced characterisation techniques were utilised and the results are presented in Section 
7.3. It should be noted that the characterisation of the NOM and NOM+AOM solution was 
not included in this study. This was because the present study focused mainly on the 
interaction between humic-like substances and AOM, where some other organics (e.g. 
hydrophilic polysaccharides) in addition to the humic-like compounds in the NOM may 
interfere in the characterisation of the humics-AOM interaction.  
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Fig. 7.3 DOC and UV rejection during the MF of AOM, HA, FA and HA+FA, HA+AOM, 
FA+AOM and HA+FA+AOM 
 
7.3 Characterisation of feed solutions  
7.3.1 Hydrodynamic molecular size  
The molecular size distribution for AOM and the humics+AOM solutions was examined 
using dynamic light scattering. The distribution of the hydrodynamic radius for the organic 
compounds covered a wide size range which was probably contributed by their 
polydisperse nature (Fig. 7.4). However, a slight shift of the peaks towards larger radius 
was observed after mixing the AOM with HA, FA, or HA+FA, which was attributed to the 
physicochemical interactions (such as complexation and charge neutralisation) between 
AOM and the organics in these solutions (Xiao et al., 2013). As a result, an increase in 
average hydrodynamic radius was shown for the AOM mixed with HA, FA or HA+FA 
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(Fig. 7.5). The combination of AOM with HA and FA gave the highest average 
hydrodynamic radius of around 220 nm. In terms of hydrodynamic radius, the size of the 
AOM+HA complex (~158 nm) was higher than that of the AOM+FA complex (~122 nm). 
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Fig. 7.4 Molecular size distributions of the AOM, AOM + HA, AOM + FA and 
AOM + HA + FA 
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Fig. 7.5 Comparison of the average hydrodynamic radius of AOM, HA+AOM, FA+AOM 
and HA+FA+AOM 
 
7.3.2 Zeta potential 
The zeta potential of the AOM and humics+AOM was measured to examine the surface 
charge of the individual and mixed organic compounds, and hence provide further 
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information about the interaction between the compounds (Table 7.1). HA had a higher 
negative ζ potential than HA+FA and AOM, while the FA gave the lowest negative ζ 
potential. Mixing AOM with HA, FA, and HA+FA resulted in more negatively charged ζ 
potentials compared to AOM. 
 
Table 7.1Summary of the ζ potential for the feed solutions 
 Average ζ potential 
AOM   -27 
HA -43 
FA -19 
HA+FA -30 
HA+AOM -44 
FA+AOM -33 
HA+FA+AOM -39 
 
7.3.3 Molecular weight distribution 
The apparent molecular weight distributions of the AOM, HA, FA and humics+AOM 
mixtures were examined using SEC with LC-OCD-UVD (Fig. 7.6). The HA and FA both 
showed pronounced peaks at around 42 min retention time. All mixtures of AOM with the 
humic substances exhibited slightly higher biopolymer peak responses compared with 
AOM alone (Fig. 7.6a), and, strong peaks at 35-42 min were observed for all three 
mixtures.  
 
When UVD detection was used (Fig. 7.6b), AOM alone showed only one small peak 
between 50 and 55 min, which was related to low MW AOM molecules. Similar to the 
OCD response, HA and FA had very large peaks at around 42 min. Pronounced peaks for 
HA+AOM, FA+AOM and HA+FA+AOM occurred between 35 and 42 min, and very 
small biopolymer peaks could be seen for HA+AOM and HA+FA+AOM. The increased 
UVD response was consistent with the increased UVA254 rejection for the mixtures 
observed in the MF test compared with HA and FA alone (Fig. 7.3). 
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Fig. 7.6 LC-OCD-UVD diagram for AOM, HA + AOM, FA + AOM and HA + FA + 
AOM, a) OCD response, b) UVD response (BP = biopolymers, HWS = high molecular 
weight substances, HS = humic substances) 
 
7.3.4 Fractionation of organic matter in feed solution 
Resin fractionation showed that, based on DOC, over 50% of the AOM was hydrophilic, 
and the HPO and TPI fractions accounted for 28% and 21%, respectively (Table 7.2). These 
results were consistent with those in Chapter 6 that pure AOM solution contained greater 
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proportion of HPI compounds. The majority of the organic matter in the HA, FA, HA+FA 
solutions was hydrophobic, with less than 20% of it being hydrophilic.  
 
Fractionation of the humic-AOM mixtures showed that the HPO fraction accounted for 
more than 50% of the DOC for all these solutions (Table 7.3). These mixtures contained a 
similar amount of TPI (0.4-0.6 mg DOC L-1), which accounted for less than 15% of the 
total DOC of each. The FA+AOM and HA+FA+AOM solutions contained a greater 
amount of HPO, but a smaller amount of HPI compared with the HA+AOM solution.  
 
Table 7.2 The fractional components of humic substances and AOM 
 
 
Table 7.3 The fractional components of humic-AOM mixtures 
   HA+AOM     FA+AOM         HA+FA+AOM 
mg DOC L-1 
 HPO 2.0±0.2 2.7±0.1 2.9±0.2 
TPI 0.5±0.1 0.6±0.1 0.4±0.1  
HPI 1.5±0.3 0.6±0.1 0.6±0.2 
 
7.4 Discussion 
Addition of AOM to the feed water containing humic substances led to the formation of 
large AOM-humics aggregates/complexes and the zeta potential of the solution became 
more negative. These changes affected the performance of the ceramic MF membrane as 
shown by the filtration tests in which the mixtures of AOM and aquatic humics resulted in 
severe flux decline and a marked increase in hydraulically irreversible fouling resistance.  
 
It is well known that size exclusion is the core mechanism for low pressure membrane 
filtration processes (Fan et al., 2001; Qu et al., 2012b). As such, the organic matter with 
 HA FA HA+FA AOM 
  mg DOC L-1   
HPO 1.6±0.1 1.5±0.2 1.5±0.2 0.6±0.1 
TPI Nd 0.07±0.03 0.04±0.02 0.4±0.1 
HPI 0.4±0.1 0.4±0.1 0.4±0.1 1.0±0.1 
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larger molecular size in the feed water normally leads to higher reversible fouling resistance 
and organic retention during the filtration process. However, the sizes of the aggregates in 
the HA+AOM, FA+AOM, HA+FA+AOM and AOM alone solutions were not consistent 
with the fouling resistances (Figs. 7.3 and 7.5). This inconsistency suggests that there was 
another fouling mechanism in addition to size exclusion governing the MF process in this 
study, such as pore plugging and electrostatic adsorption. The higher reversible fouling 
resistance and DOC/UVA rejections caused by the HA+AOM solution could be explained 
by electrostatic repulsion between the organic matter in the solution and the ceramic 
membrane surface. The ζ potential of the HA+AOM solution was significantly more 
negative than the other solutions, where the more negatively charged molecules would be 
more difficult to adhere to the membrane surface or pass through the negatively charged 
membrane due to the electrostatic repulsion (Qu et al., 2012b). The HA+FA+AOM solution 
had the highest molecular size but a lower negative ζ potential than the HA+AOM solution. 
The combined effects of the molecular size and ζ potential resulted in its slightly lower 
reversible fouling and organic retentions compared to the HA+AOM solution. Similarly, 
the lower reversible fouling and organic retention for FA+AOM than for the other two 
mixtures was due to its lower molecular size and less negative ζ potential. These results 
suggest that the electrostatic interactions between the solution compounds and ceramic 
membrane played an important role in forming reversible/irreversible fouling and organic 
retention.  
 
It is seemingly contradictory to the above claim that the MF of AOM alone gave the highest 
reversible fouling resistance, despite AOM being lower in molecular size and less negative 
in ζ potential. A possible explanation is that, in addition to the organic molecular size and ζ 
potential, the hydrophilicity of the solution also affected the MF performance where higher 
amounts of HPO compounds were associated with higher irreversible fouling, as reported 
by Qu et al. (2012b). As shown in Tables 7.2 and 7.3, AOM contained significantly lower 
amounts of HPO compounds compared with humic fractions of NOM, which was in 
accordance with the resultant low irreversible fouling. The reason that the AOM alone led 
to higher DOC rejection rates compared with the FA+AOM and HA+FA+AOM solutions 
was unclear. It is speculated that these lower DOC rejections were due to the competitive 
adsorption of the small molecules in AOM and FA or HA+FA solution on the membrane 
surface. This assumption was supported by the higher UVA rejections caused by the 
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mixtures compared to the AOM alone, where the retention of some UV-absorbing materials 
probably prevented some AOM compounds from being adsorbed on the membrane. 
 
Some previous studies reported that the humic material could encapsulate the biopolymer-
like compounds (such as polysaccharides and proteins), forming larger compounds 
(Tomaszewski et al., 2011; Wang et al., 2012; Myat et al., 2014b). Such interaction could 
possibly be revealed by the changes in their molecular weight distributions by using LC-
OCD-UVD according to Myat et al. (2014b), where they found the additional peaks for 
BSA-humic acid mixture appeared at higher MW position (shorter retention time) than 
BSA peak due to the BSA-humic acid interaction. In Fig. 7.6a and 7.6b HA and FA showed 
strong peaks only at around 42 min (corresponding to humic-like substances), whereas all 
the AOM-humics solutions displayed strong peaks before 42 min. This indicated that the 
molecular size of the medium MW humic-like compounds in HA and FA was significantly 
increased in the presence of AOM. These peaks between 35 and 42 min also appeared in 
Fig.7.5b indicating that the UV-absorbing material in HA and FA participated in forming 
higher MW substances in the presence of AOM. No biopolymer peak was observed for HA 
and FA using LC-OCD. Furthermore, there was very little difference in the height of the 
biopolymer peaks for AOM and the mixed solutions. No significant peaks in between 25 
and 30 min (peaks associated with very high MW biopolymers) in LC-UVD diagram could 
be found. This indicates very few very high MW biopolymer compounds were formed as a 
result of the mixing of the AOM and the humics. According to the results in Chapter 6, the 
organic compounds in AOM associated with the peaks between 35 and 42 minutes 
(HMWS) could significantly contribute to hydraulically irreversible fouling. This also 
explains that MF of AOM-humic solution led to much lower reversible fouling resistance 
when compared to the AOM alone, as the mixtures contained large amounts of these 
HMWS as a result of the AOM-humic interaction. 
 
7.5 Summary 
Only a small difference in the extent of flux decline for the AOM derived from M. 
aeruginosa and its mixtures with humic substance/NOM was shown, suggesting that the 
organic interaction between these did not significantly affect the membrane flux 
performance in the single-cycle filtration tests. However, the mixtures of AOM and humic 
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substances and NOM resulted in a significant reduction in reversible membrane fouling and 
also a marked increase in irreversible fouling compared with AOM alone.  
 
The addition of AOM to the solutions containing aquatic humic substances led to an 
increase in average molecular radius and the content of high MW compounds, due to 
interaction between AOM and the humics. Taking into account the results of UVA254 
rejection, it is suggested the UV-absorbing materials in the humics could bond with the 
AOM molecules to form higher MW/larger molecules.  
 
The AOM-humic mixtures exhibited a more negative ζ potential than the individual 
compounds which was related to the higher UVA254 rejection and higher reversible fouling 
of the membrane. This may indicate that the electrostatic interactions between the organic 
compounds, and between the organic matter and the membrane, would contribute 
considerably in forming reversible and irreversible fouling layers on the ceramic 
membrane.  
 
Based on the knowledge obtained from this investigation into AOM fouling of the ceramic 
MF membrane  (Chapters 4-7), the effect of feed pre-treatments including coagulation and 
UV/H2O2 advanced oxidation on the fouling mitigation was examined as potential 
approaches for effective fouling mitigation. The findings are reported in Chapter 8 and 9, 
respectively. 
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CHAPTER 8 FEEDWATER COAGULATION TO MITIGATE THE 
FOULING OF A CERAMIC MF MEMBRANE CAUSED BY AOM 
 
It was demonstrated in this work that the presence of AOM in feedwater could result in 
severe flux decline for the ceramic MF membrane, which was governed by the very high 
MW biopolymers of the AOM. It also led to a significant increase in irreversible fouling 
which could be enhanced due to the interaction between AOM and humic substances in the 
feedwater. Pre-treatment of feedwater can be an effective approach which can 
transform/remove the high fouling potential organic components, and consequently 
mitigate their propensity to foul water treatment membranes (Shon et al., 2006b). Chemical 
coagulation with aluminium based or ferric based salts is one of the widely used feed pre-
treatment methods for removing high molecular weight organics from water and waste 
water and hence improving membrane filtration performance (Fan et al., 2008; Liang et al., 
2009).  
 
This chapter reports on the fouling mitigation effect of four widely used water treatment 
coagulants, i.e., alum, aluminium chlorohydrate (ACH), Fe2(SO4)3 and FeCl3, on the 
fouling of the ceramic MF membrane by water containing AOM using a lab scale ceramic 
MF membrane system. The effect of the coagulation on membrane fouling was 
characterised in terms of reduction in reversible and irreversible fouling resistance, 
dissolved organic carbon, carbohydrate and protein contents. The changes in molecular 
weight distributions, fluorescence EEM spectra, and hydrophilicity were also determined to 
provide better insights into the effect of coagulation on fouling mitigation. A modelling 
analysis using Hermia’s filtration models was carried out to interpret the fouling mitigation 
mechanism. This study has been published in the journal Separation and Purification 
Technology (See List of Publications for details, page III).  
 
8.1 Optimum coagulant dosages  
For the two aluminium based coagulants, the organic matter removal increased significantly 
with increasing Al3+ dosage from 1 to 5 mg L-1, with 70% and 65% of DOC reduction for 
ACH and alum at 5 mg Al3+ L-1, respectively (Fig. 8.1a). On increase of the dosages from 
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10 to 20 mg Al3+ L-1, there was no further increase in DOC reduction for ACH but a 
considerable decrease for alum. For the iron based coagulants, the DOC removal increased 
with increasing iron dosage and was maximum at about 10 mg Fe3+ L-1, approximately 70% 
of DOC was removed by the coagulation with the two coagulants. The optimum coagulant 
dosages in terms of DOC reduction for the AOM solutions were therefore determined as 5 
mg Al3+ L-1 for ACH and alum, and 10 mg Fe3+ L-1 for Fe2(SO4)3 and FeCl3. Coagulation 
with ACH did not significantly alter the pH of the AOM solutions, and the pH of the 
coagulated water was maintained at around 7 for all dosages (Fig. 8.1b). Coagulation with 
alum, Fe2(SO4)3 and FeCl3 at their optimum dosages greatly reduced the solution pH. It 
should be noted that the initial pH of the feed solutions was adjusted to 8 prior to the 
coagulation, and the pH of all coagulated solutions was adjusted back to 8 prior to all 
filtration tests as a control for the comparison of their fouling mitigation effects.  
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Fig. 8.1Comparison of DOC removal and pH change for the four coagulants: a) DOC 
removal, b) pH of the coagulated AOM solutions 
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8.2 Microfiltration tests  
The AOM solution without pre-treatment caused rapid and severe flux decline, with 
approximately 55% reduction in flux at the end of the filtration (Fig. 8.2a). Feedwater pre-
treatment by coagulation reduced the flux decline significantly for all coagulants tested, 
indicating the foulant causing severe flux reduction was effectively removed through the 
coagulation process. Coagulation with ACH at 5 mg Al3+ L-1 resulted in a slightly higher 
flux compared with ferric chloride and ferric sulphate at 10 mg Fe3+ L-1 in the initial 20 min 
of filtration. After that the extent of flux reduction for the three coagulants became 
comparable and approximately 15% of flux decline was obtained at the end of the filtration.  
Coagulation with alum at 5 mg AL3+ L-1 gave less flux improvement compared with other 
coagulants, with around 25% of flux decline at the end of the filtration. Fouling resistance 
results indicated both reversible and irreversible resistance were reduced markedly due to 
the coagulation of the feedwater (Fig. 8.2b). The reduction in hydraulically reversible 
fouling was comparable for the four coagulants (91-95%), whereas ACH and Fe2(SO4)3 
performed considerably better than alum and FeCl3 in reducing the irreversible fouling.  
The likely reason for the poorer performance of alum as a coagulant is that it is not being 
applied at the optimised pH.  
 
   92 
 
0 20 40 60 80 100
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
 
 
 5 mg Al/L ACH
 5 mg Al/L Alum
 10 mg Fe/L Ferric sulphate
 10 mg Fe/L Ferric chloride
 Un-treated
N
o
rm
al
iz
e
d 
flu
x
 
(J/
J 0
)
Time (min)
a
 
Reversible fouling Irreversible fouling
0.00E+000
2.00E+011
4.00E+011
6.00E+011
8.00E+011
1.00E+012
1.20E+012
 
Fo
u
lin
g 
re
si
st
an
ce
 
(m
-
1 )
 5 mg Al/L ACH
 5 mg Al/L Alum
 10 mg Fe/L Ferric sulphate
 10 mg Fe/L Ferric chloride
 Un-treated
b
 
 
Fig. 8.2 Comparison of (a) flux decline and; (b) fouling resistance in the MF of the un-
coagulated and coagulated AOM solutions 
 
8.3 Characterising the effect of coagulation by EEM spectra  
The EEM-FRI method was used to quantify the changes in the fluorescent organic species 
before and after the coagulation treatment. All four coagulants gave greater reductions in 
HA-like (58-77%) and SMP (62-78%) substances than AP (25-41%) and FA-like (49-62%) 
substances (Fig. 8.3). Since the HA-like substances in AOM were shown to have less 
impact on the flux decline for the ceramic MF membrane compared with SMPs and AP, the 
results suggested the flux improvement in this study was primarily due to the removal of 
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the SMPs. The removal in the SMPs by ACH (77%) and FeCl3 (78%) was greater than for 
alum (63%) and Fe2(SO4)3 (62%), which was consistent with the resultant higher flux for 
the ACH and FeCl3 treated water. Although relatively a lower SMP removal was observed 
for Fe2(SO4)3 compared with ACH and FeCl3, the Fe2(SO4)3 treated water exhibited a 
similar permeate flux as the water treated by ACH and FeCl3 (Fig. 8.1a). This was likely 
due to the better removal of AP (41%) and FA (62%) removal for Fe2(SO4)3 than the other 
coagulants, since these organic substances also have high fouling potentials for the ceramic 
MF membrane. 
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Fig. 8.3 EEM spectra volumes for the AOM solutions before and after coagulation 
 
8.4 Effect of coagulation on molecular weight of AOM 
The apparent molecular weight distribution of the AOM before and after coagulation 
treatment was examined using SEC with LC-OCD (Fig. 8.4). According to the LC-OCD 
data, over 90% of the very high MW biopolymers were removed by the coagulation 
treatments. The iron based coagulants tended to remove more humic-like compounds than 
the aluminum based coagulants (e.g., ~ 50% for Fe2(SO4)3 and FeCl3 compared with 42% 
and 23% for alum and ACH). The results were consistent with some published studies in 
which it was observed coagulation tended to remove more macromolecules (such as 
biopolymers) than medium MW molecules (such as humic-like substances) from 
biologically treated municipal wastewater (Haberkamp et al., 2007; Fan et al., 2008). The 
significant reduction in flux decline after the coagulation treatment was therefore attributed 
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to the effective removal of the macromolecules, which helped to mitigate the formation of 
the high-resistance outer fouling layer on the membrane.  
 
The greater removal of the high MW biopolymers during the coagulation was related to the 
properties of these molecules. The high MW biopolymers mainly consist of 
polysaccharides and proteinaceous materials (Fang et al., 2010). The high MW 
polysaccharides (such as transparent exopolymer particles) and proteins contained in AOM 
are reported to be very surface active, as the metal-binding functional groups (such as 
carboxyl and hydroxyl groups) in these organics are abundant (Kenney and Fein, 2011). 
Hence they could have strong potential to bind with trivalent metals (such as Al3+ and Fe3+) 
to form larger size complexes (Meng et al., 2013; McIntyre and Guéguen, 2013). However, 
other coagulation mechanisms (such as sweep-floc and charge neutralization) may also 
have contributed to the removal of the biopolymers during coagulation. This would be due 
to the negatively charged AOM molecules (measured as -27 mV under the experimental 
conditions), the coagulant dosage and solution pH (4-7) used, which are likely to lead to the 
removal of these molecules through these mechanisms (Lee et al., 2000).  
 
It was observed that there was an increase in organic compounds with low MW (<350 Da) 
after the coagulation, this was probably due to the breaking down of macromolecules or the 
formation of some metal-organic complexes (Fan et al., 2011). These compounds were not 
likely to be retained by the ceramic MF membrane due to these molecules being 
significantly smaller than the pore size of the membrane. 
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Fig. 8.4 Comparison of LC-OCD chromatograms for the AOM before and after 
coagulation. 
 
8.5 Effect of coagulation on carbohydrate and protein removal 
As the biopolymers such as polysaccharides and proteins played an important role in the 
membrane flux decline, the carbohydrate and protein content of the AOM before and after 
the coagulation was analysed. The carbohydrate removal was similar for all types of 
coagulant, with the removal efficiency of 74 - 77% (Fig. 8.5). However, the protein 
removal efficiency for all types of coagulant was markedly lower (15-28%). The results 
suggested the very high MW and high MW molecules removed by coagulation (as 
indicated in LC-OCD chromatograms) mainly consisted of carbohydrates (such as 
polysaccharides) instead of proteins. Hence it appeared that the carbohydrate compounds in 
the AOM were more susceptible to coagulation treatment. The relatively lower protein 
removal was probably because some of the protein molecules had the capacity to form 
small complexes with coagulants, which inhibit the coagulation efficiency (Takaara et al., 
2004). 
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Fig. 8.5 Removal of carbohydrate and protein from the AOM solution after coagulation. 
(The initial carbohydrate and protein concentration in un-treated solution was 5.2 ± 0.4 
mg/L and 2.0 ± 0.1 mg/L, respectively.) 
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8.6 Characterising the effect of coagulation by organic matter fractionation  
The AOM before and after coagulation was fractionated into different organic groups based 
on their hydrophobicity using resin adsorption chromatography. The results in Chapter 4 
showed the HPO and HPI fractions of the AOM had significantly higher fouling potentials 
than TPI in increasing flux decline and irreversible fouling resistance. All four coagulants 
achieved significant reductions in all three fractions (Fig. 8.6). Coagulation tended to 
reduce the HPO more than the TPI and HPI, with the average removal efficiencies of 78% 
for HPO, 70% for TPI and 52% for HPI. FeCl3 and Fe2(SO4)3 gave 85% and 81% reduction 
in HPO compounds, which were considerably higher than ACH (77%) and alum (69%). It 
appeared the iron based coagulants were more effective in removing the HPO compounds 
compared with the aluminum based coagulants, whereas the HPI removal by the four 
coagulants was fairly comparable (<5% difference). Although coagulation with ACH gave a 
considerably lower removal in HPO compounds compared with the iron based coagulants, 
it led to a similar reduction in permeate flux decline as FeCl3 and Fe2(SO4)3. This might 
suggest that the hydrophilic compounds played a more important role in determining the 
flux performance for the ceramic membrane, since hydrophobic interaction between the 
organic compounds and membrane materials would not be significant due to the highly 
hydrophilic nature of the ceramic membrane. 
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Fig. 8.6 AOM fractions before and after coagulation. 
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8.7 Membrane fouling analysis  
In order to investigate the influence of coagulation on the fouling of the ceramic MF 
membrane in the filtration of the AOM solutions, the experimental flux data were fitted to 
the classic filtration laws. The R2 values obtained by fitting the flux data from the MF tests 
using the equations (Eqs 2.2-2.5) of the four filtration laws were used to indicate the major 
fouling mechanism for the AOM feed solutions with and without coagulation pre-treatment 
(Table 8.1).  
 
The best fit (with the highest R2 value) of the experimental data for the non-coagulated 
AOM solution was the cake filtration model. This was consistent with the findings in 
Chapter 6 that the majority of flux decline during the MF of AOM with the ceramic 
membrane was attributed to the formation of a cake layer on the membrane surface. The 
highest R2 values for the coagulated AOM feed solutions were given by the intermediate 
blocking model, except for the alum-treated solution. The shift of filtration mode before 
and after coagulation was attributed to the removal of large MW biopolymer molecules 
during the coagulation process. Therefore, the improved flux resulting from coagulation 
with ACH, Fe2(SO4)3 and FeCl3 could be associated with the reduction of the thick cake 
layer formed by the high MW molecules of the AOM.  
 
The model which gave the best fit for the alum-treated AOM feed solution was cake 
filtration. One possible explanation is that the alum-treated AOM solution contained a 
greater amount of HPO compounds (as shown in Fig.8.6) compared with the solutions 
treated with the other coagulants. These HPO compounds may aggregate together on the 
membrane surface via hydrophobic interaction between them during the MF process. This 
mechanism is supported by the previous findings that the HPO compounds played a very 
important role in cake layer formation on the membrane surface. However, due to the high 
MW compounds being largely removed from the raw AOM solution during the coagulation 
process, the cake layer would be lower in thickness compared with the un-treated AOM 
solution resulting in substantially improved flux.  
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Table 8.1 Summary of the R2 values for model fitting for the AOM solutions with and 
without coagulation treatment. 
Model    
Non-
coagulated 
ACH Alum 
Ferric 
sulphate 
Ferric 
chloride 
 
Complete 
blocking 
   0.9195 0.8808 0.8626 0.6296 0.7931  
Intermediate 
blocking 
   0.9559 0.9268 0.9003 0.8932 0.9437  
Standard 
blocking 
   0.9869 0.6654 0.7488 0.6332 0.7154  
Cake filtration    0.9884 0.9107 0.9176 0.6705 0.9007  
 
It should be noted that, in some studies, alum performed better than ACH in mitigating the 
fouling of MF membrane (Wang et al., 2008; Goh et al., 2011). In these studies, they 
claimed that more compact cake layer was produced by ACH than alum resulting higher 
cake layer fouling resistance. However, in the present study, the cake filtration was not the 
dominate filtration mode during the MF of ACH treated water (Table 8.6) due to the great 
removal efficiency of very high MW biopolymers. As a result, the compactness of the cake 
layer played a less important role to the flux decline performance in this study.  
 
Besides, although the cost of ACH, ferric chloride and ferric sulphate is fairly comparable 
(i.e. $ 0.03, $ 0.02 and 0.04 kL-1, respectively), the iron-based coagulants caused a drastic 
drop in pH for the feed water, which would lead to a considerable increase in the treatment 
cost due to the necessary pH adjustment. As such, ACH appeared to be a more effective 
coagulant in maintaining the performance of the ceramic MF membrane systems during 
cyanobacterial blooms.   
 
8.8 Summary 
The effect of the four commonly used water treatment coagulants (i.e., alum, ACH, ferric 
sulphate and ferric chloride) on mitigation of the fouling of a ceramic MF membrane 
caused by the AOM released from M. aeruginosa was investigated. Treatment of the AOM 
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solutions with the four coagulants led to marked reductions in both the reversible and 
irreversible fouling for the ceramic MF membrane at the optimal coagulant dosages. ACH, 
ferric chloride and ferric sulphate performed similarly in reducing the flux decline, while 
alum gave a considerably lower reduction in flux decline. Organic matter characterization 
using LC-OCD, fluorescence EEMs as well as carbohydrate and protein quantification 
indicated that the enhanced membrane performance was primarily due to the effective 
removal of the very high MW biopolymers and hence the mitigation of the formation of a 
thick cake layer on the membrane surface.  
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CHAPTER 9 IMPACT OF UV/H2O2 FEED PRE-TREATMENT ON 
MITIGATION OF THE FOULING OF A CERAMIC MF MEMBRANE 
CAUSED BY AOM 
 
Feedwater pre-treatment using advanced oxidation process such as UV/H2O2 may be a 
potentially effective approach to mitigate the membrane fouling by breaking down the very 
high MW organic molecules in the feed water. It may also be beneficial to the water quality 
of MF permeate since the AOP is effective in breaking down the organic compounds 
derived from cyanobacterial blooms, including taste and odour compounds (geosmin, MIB) 
and the algal toxins (e.g. microcystins).  
 
The effect of UV/H2O2 on the mitigation of the fouling of a single-channel ceramic MF 
membrane (0.1 µm, alumina) caused by AOM during the multi-cycle filtration tests is 
reported in this chapter. For the UV/H2O2 pre-treatment tests, 30 and 60 minutes of UV 
irradiation (fluence rate 16 J cm-2 and 32 J cm-2) were applied on AOM with the initial 
H2O2 concentrations of 0.25 mM and 0.5 mM. The effectiveness and mechanism of the 
UV/H2O2 feedwater pre-treatment on the flux improvement was characterised and 
compared with pre-treatment using coagulation. In addition, the effectiveness of UV/H2O2 
on algal toxin removal was investigated by characterising the fate of the microcystin-LR 
spiked to the feedwater for the sequential UV/H2O2 and MF process, and was compared 
with coagulation. 
 
9.1 Multi-cycle MF tests 
Multi-cycle MF tests were conducted in order to obtain the unified membrane fouling index 
(UMFI) for the assessment of the fouling and its mitigation under various feedwater pre-
treatment conditions over a relatively longer term of filtration. The normalized flux for the 
un-treated, UV/H2O2 and coagulation treated AOM solutions are presented in Fig. 9.1a. The 
UMFI values are shown as the slopes of all straight lines plotted by the two-data point 
method using the MF flux data (Fig. 9.1b). MF of the un-treated AOM solution led to a 
severe flux decline for all 5 MF cycles, where the UMFI reached 0.0170 m2 L-1. UV/0.25 
mM H2O2 oxidative treatment for 30 min irradiation gave only a slight improvement in flux 
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compared with the un-treated AOM solution during the first 2 MF cycles. However, after 2 
cycles of MF, their resulting flux was almost the same. The UV/0.50 mM H2O2 treatment 
for 30 min further improved the flux during the 5 cycle-MF compared with UV/0.25 mM 
H2O2. As a result, the UMFI for UV/0.50 mM H2O2 for 30 min was markedly lower than 
for UV/ 0.25 mM H2O2 for 30 min (i.e. 0.0050 m2 L-1 c.f. 0.0180 m2 L-1 ). 
 
The AOP treatment with longer UV irradiation time (60 min) led to better flux 
improvement and lower UMFI than shorter irradiation time (30 min) with both the 0.25 
mM and 0.50 mM H2O2 dosages. At 60 min irradiation time, the MF feedwater with 0.50 
mM H2O2 dosage gave slightly higher flux and lower UMFI compared with the solution 
with 0.25 mM H2O2 dosage (i.e. UMFI 0.0013 m2 L-1 c.f. 0.0021 m2 L-1). 
 
The results were consistent with the previous studies (Malek et al., (2006a; 2006b) which 
showed the UV based oxidation feedwater pre-treatment could significantly mitigate the 
organic fouling of a MF membrane due to the effective breakdown of NOM molecules. 
However, in a recent study Myat et al. (2014a) reported that the UV/H2O2 treatment of a 
wastewater secondary effluent was unable to improve the flux performance of a ceramic 
MF system. This result was attributed to the feedwater having very high salinity (i.e. 
brackish wastewater), which led to a low organic mineralisation/breaking down efficiency.   
 
Coagulation treatment using ACH (5 mg Al3+ L-1) gave comparable flux improvement 
efficiency to the UV/0.50 mM H2O2 treatment at 60 min irradiation time. Their UMFI 
values were also similar (i.e. 0.0015 m2 L-1 c.f. 0.0013 m2 L-1). However, considerably 
higher flux recovery for the ACH treated feedwater was shown after each filtration cycle 
compared with that for the UV/0.50 mM H2O2 after 60 min treatment. This was most likely 
due to the different fouling mitigation mechanisms for the coagulation and UV/H2O2 
treatment. Characterisation of the changes in organic matter before and after the pre-
treatments was carried out in order to interpret the fouling mitigation mechanisms. 
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Fig. 9.1Multi-cycle MF tests on the un-treated AOM, UV/H2O2 and coagulation treated 
AOM solutions a) normalized flux, b) UMFI (calculated using the  data points of the first 
cycle (v = 0, J0/J = 1) and the last cycle of filtration) 
 
9.2 Characterising the effect of UV/H2O2 and coagulation feed pre-treatment on MF 
performance 
9.2.1 DOC  
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UV/H2O2 advanced oxidation process generates hydroxyl radicals (·OH), which can destroy 
some dissolved organic compounds in water and eventually convert them into CO2. The 
removal of these compounds from the feed water can reduce the organic loading to the 
membrane and consequently mitigate the membrane fouling. The average DOC removal by 
the UV/H2O2 and coagulation treatments of the AOM solutions, and DOC rejection by the 
membrane for the pre-treated AOM solutions were determined (Fig. 9.2) to investigate the 
impact of the organic reduction on fouling mitigation. The DOC removal by UV/0.25 mM 
H2O2 for 30 min irradiation was much lower compared with longer irradiation time (60 
min) at the same H2O2 dosage (i.e., 20% c.f. 37%). There was a similar trend when 0.50 
mM H2O2 was used (44% c.f. 55%). A markedly higher DOC removal was obtained by 
coagulation with ACH (70%). The extent of DOC removal by UV/H2O2 treatment was 
consistent with the reduction in flux decline indicating the organic removal was related to 
the reduction in the AOM components causing the fouling.  
 
For the organic rejection by the MF membrane (Fig. 9.2b), the un-treated AOM solution 
had greater DOC rejection (52%) compared with the pre-treated AOM solutions. The 
significantly higher DOC retention rates for the un-treated and the UV/0.25 mM H2O2 (30 
min) treated AOM solution were consistent with their fouling potential.  
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Fig. 9.2 Comparison of UV/H2O2 and coagulation feed pre-treatment a) DOC removal and 
b) DOC rejection by the ceramic membrane 
 
9.2.2 SEC-LC-OCD-UVD 
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As mentioned in section 2.2.3.1, in addition to the organic mineralisation, UV/H2O2 can 
also breakdown some large molecules (such as polysaccharides and proteins) into smaller 
compounds. In order to compare the impact of coagulation and UV/H2O2 treatment on the 
AOM, the apparent molecular weight distributions of the un-treated, coagulated (with ACH) 
and UV/H2O2 treated (0.5 mM H2O2, 60 min UV irradiation) AOM solutions were 
examined using LC-OCD-UVD (Fig. 9.3). The peaks for very high MW biopolymers, 
humics and building blocks were significantly smaller for ACH treated feedwater compared 
with the un-treated AOM solution. The peak for high MW substances (such as smaller 
biopolymers) was removed almost completely after the coagulation. The results suggested 
that the coagulation was very effective in removing the compounds of a wide MW range, 
particular biopolymers, and high MW substances, humic-like and building block like 
substances from AOM solution. It was observed that there was an increase in the peak 
associated with low MW (<350 Da) after the coagulation, this was probably due to the 
formation of some metal-organic complexes as observed in Chapter 8.  
 
For the UV/H2O2 treated AOM, the very high MW biopolymers were removed almost 
completely. However, less high MW substances, humic like and building block like 
compounds were removed by the AOP treatment compared with the coagulation. A 
significant increase in the peak representing low MW acid and HS was shown, which was 
most likely due to the production of smaller molecules as a result of the breakdown of large 
molecules by the oxidative treatment.  
 
The LC-OCD results suggested that the significant reduction in flux declines after 
coagulation and UV/H2O2 treatment were mainly attributed to the effective removals of 
very high MW biopolymers and high MW substances. Compared with the coagulation 
treatment, the AOP treated feedwater contained less biopolymers but more lower MW 
substances, which was consistent with its lower flux recovery efficiency or greater 
irreversible fouling potential, as the biopolymers and low MW compounds have been 
demonstrated to be responsible for the reversible and irreversible fouling of the ceramic MF 
membrane, respectively (Chapter  6). 
 
For the LC-UVD chromatograms, peaks are shown only for humic-like, building blocks 
and LMW acid and HS, fractions in AOM contained UV absorbing compounds. It should 
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be noted that the overall UVD response for coagulated AOM was higher than for the 
UV/H2O2 treated AOM, despite the OCD response for coagulated AOM being much lower 
than for the UV/H2O2 treated AOM. It indicated that the coagulation mainly removed the 
low UV absorbing compounds (such as polysaccharides and proteins) and the high UV 
absorbing compounds in AOM were more susceptible to the UV/H2O2 treatment than 
coagulation.  
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Fig. 9.3. Comparison of LC-OCD-UVD chromatograms for the un-treated AOM, 
coagulated AOM and UV/H2O2 treated AOM a) OCD response, b) UVD response. 
 
The molecular weight distributions of the un-treated, coagulated and UV/H2O2-treated 
AOM before and after MF were compared to obtain further information about the fouling 
mitigation mechanism. After MF of the un-treated AOM solution, the very high MW 
substances (biopolymers) were largely retained by the membrane (Fig. 9.4 a). There were 
only moderate rejections in high MW substances, humic-like and building block-like 
compounds. This result was in accordance with the findings reported in Chapter 6 that the 
very high MW biopolymers in AOM were the major component in the AOM causing the 
severe flux decline. 
  
MF of the coagulated AOM solution resulted in small reductions in the peaks for 
biopolymers and low MW substances (Fig. 9.4b), whereas significantly greater reductions 
in the peak intensity for the high MW substances and low MW acid and HS were shown for 
the UV/H2O2 treated feedwater (Fig. 9.4 c). This was consistent with the flux results that 
the UV/H2O2 treated AOM gave less flux recovery than the coagulated AOM after each 
back pulsing operation, which was most likely the result of the greater amounts of the 
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smaller sized compounds getting access to and accumulating in the membrane inner pore 
structures.   
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Fig. 9.4  Comparison of LC-OCD chromatograms for the (a) un-treated AOM, (b) 
coagulated AOM and (c) UV/H2O2 treated AOM before and after MF 
 
9.2.3 Resin fractionation of organic matter 
The organic matter in the feedwater before and after coagulation and UV/H2O2 treatment 
was fractionated into HPO, TPI and HPI fractions using resin adsorption chromatography. 
After coagulation and UV/H2O2 treatment, a greater proportion of HPO compounds of the 
AOM solution was removed compared with TPI and HPI component. This suggested that 
the HPO compounds were more susceptible to the two treatments. Compared with 
coagulation, UV/H2O2 removed significantly less HPI and TPI compounds from AOM (i.e. 
30% and 50% for UV/H2O2 c.f. 56% and 74% for coagulation), whereas the HPO removal 
for the two treatments was comparable (75% for UV/H2O2 c.f. 80% for coagulation). This 
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indicates that TPI and HPI compounds in the pre-treated feedwater played an important role 
in causing irreversible fouling, leading to lower flux recovery after membrane back pulsing.  
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Fig. 9.5 AOM fractions before and after coagulation and UV/H2O2 treatment 
 
9.3 Fate of algal toxin during UV/H2O2-MF and coagulation-MF process 
The concentration of microcystin in the un-treated, coagulated AOM solution and their MF 
permeate was measured to investigate the fate of microcystin during the various treatments 
(Fig. 9.6). The microcystin concentration of the permeate for the untreated AOM solution 
was lower than the feed (i.e. 10 µg L-1 c.f. 15 µg L-1). Control filtration test on the solution 
with tap water and microcystin showed that no microcystin was rejected by the MF 
membrane (Fig. 9.6b). This indicated that microcystin molecules could pass through the 
MF membrane in absence of AOM, which was due to the molecular size of microcystin-LR 
(MW 995 Da) being much smaller than the pore sizes of the MF membrane (i.e. nominal 
pore size 0.1 µm). The retention of microcystin molecules by the membrane in the presence 
of AOM was possibly due to retention and/or entrapment of the microcystin molecules by 
the AOM foulant layer formed on the membrane surface. It was also possible that some 
microcystin molecules attached onto the large AOM molecules as a result of molecular 
interaction, and hence were retained by the membrane. 
 
In order to clarify the cause of the retention, the concentration of microcystin in the 
permeate of the first 5 min of MF was monitored. No microcystin rejection was observed 
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during this period of filtration and the rejection started to increase along with filtration time 
(Fig. 9.7). This indicates that the retention of microcystin was unlikely due to the molecular 
interaction, and hence the rejection was very likely to be due to the accumulation of the 
AOM compounds on membrane surface or in membrane pores forming a barrier to their 
passage through the membrane. 
 
The concentration of microcystin in both tap water and AOM solution remained unchanged 
before and after coagulation treatment with 5 mg Al3+ L-1 ACH (Fig. 9.6a and b), indicating 
that coagulation was ineffective in removing the microcystin-LR. This was consistent with 
some other studies (Himberg et al., 1989; Yuan et al., 2002) , in which the conventional 
coagulation treatment failed to remove the microcystin compounds. No difference in 
microcystin concentration was found before and after MF of the coagulated AOM or tap 
water containing the algal toxin. This was expected as coagulation treatment resulted in the 
removal of a great amount of large AOM molecules from the feedwater, and hence reduced 
the possibility of formation of a dense AOM foulant layer on the membrane to prevent 
microcystin molecules passing through. 
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Fig. 9.6 Comparison of the microcystin concentration in the un-treated and coagulated feed 
water before and after MF: a) AOM + microcystin; b) tap water + microcystin 
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Fig. 9.7 The fate of the MC-LR in MF 
 
The effectiveness of UV/H2O2 in degrading microcystin was determined using UV/0.25 
mM H2O2 and UV/0.50 mM H2O2 treatment on solutions made with microcystin-LR (15 
ppb) spiked into tap water and tap water containing AOM (Fig. 9.8). The microcystin in 
both AOM solution and tap water was completely removed within 1 minute of irradiation 
(equivalent to UV fluence of 0.5 J cm-2) showing that UV/H2O2 treatment is very effective 
in removing the microcystin. The effect of UV alone (without the addition of H2O2) on the 
microcystin removal was also examined. The results showed that the microcystin could also 
be completely removed by direct UVC irradiation, but after a longer exposure time (i.e., 
after 5 min).  
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Fig. 9.8 Degradation of microcystin during UV/H2O2 treatment: a) AOM + MC-LR; b) tap 
water + MC-LR 
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9.4 Summary 
The effect of UV/H2O2 feed pre-treatment on mitigation of the fouling of a ceramic 
membrane caused by soluble AOM was investigated, and was compared with coagulation. 
The potential of UV/H2O2 in degrading microcystin was also examined to justify the 
applicability of UV/H2O2 as a pre-treatment of the feedwater containing AOM and algal 
toxin. Microcystin-LR was retained to some extent by the ceramic MF membrane due to 
the presence of AOM in the feedwater. This may imply the water treatment plants need to 
implement proper measures to manage the membrane reject/retentate streams during 
cyanobacterial blooms, as the reject may contain a significant amount of algal toxin. The 
effective removal of microcystin by direct UV irradiation at sufficient UV does suggests the 
membrane retentate could be treated by a UV disinfection system to eliminate the toxin and 
hence the associated risk. Feedwater coagulation was proven to be an effective approach to 
maintain permeate flux and mitigate irreversible membrane fouling. However, it was unable 
to remove microcystin-LR, which may require a pre- or post-treatment process such as UV 
irradiation to remove the toxin.  
 
The UV/H2O2 process was able to mitigate the membrane fouling, although coagulation 
performed better in terms of irreversible fouling mitigation. Besides, the UV/H2O2 process 
was very effective in breaking down the microcystin. This suggests that UV/H2O2 process 
has the potential for the treatment of feedwater for enhancing MF performance and water 
quality during the cyanobacterial blooms. Another attractive benefit of using the UV/H2O2 
as a pre-treatment is that it does not generate extra sludge as the coagulation does. However, 
the AOP process is generally considered as higher in cost compared with coagulation due to 
its high energy consumption (Autin et al., 2013), more detailed cost analyses would be 
required to examine its feasibility for such applications. 
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CHAPTER 10 CONCLUSIONS, IMPLICATIONS AND 
RECOMMENDATIONS 
 
The primary objective of this study was to investigate the mechanisms controlling the 
fouling of ceramic MF membranes caused by soluble AOM released from M. aeruginosa, 
with a view to obtaining better insights into the interactions between the AOM and ceramic 
membranes. The effectiveness of two feedwater pre-treatments including chemical 
coagulation and the AOP with UV/H2O2 was also studied as potential fouling control 
measures that water treatment plants could implement in the event of cyanobacterial 
blooms in their reservoirs. The conclusions drawn from the study, their practical 
implications and the recommendations for future work are presented. 
 
10.1 Influence of AOM characteristics and process variables on the fouling of the 
ceramic MF membrane 
The AOM derived from all three different algal growth phases all led to severe flux decline, 
and its membrane fouling potential increased with the age of algal culture (i.e., stationary 
phase>late exponential phase>early exponential phase). The major organic component of 
AOM that determined the severity of the fouling was the very high MW biopolymers 
(containing mainly proteinaceous materials and polysaccharides). The difference in 
physico-chemical properties of the biopolymers can result in different fouling potential for 
the AOM at stationary phase. 
 
For the stationary phase, the soluble AOM (i.e., 0.45 or 1 µm pre-filtered) caused more 
rapid flux decline compared with the 5 µm pre-filtered AOM , which was likely to form a 
more porous foulant layer formed on the membrane surface due to the presence of 
particulates resulting in the lower filtration resistance. However, the non-pre-filtered AOM 
(with algal cells) caused the greatest flux reduction which was probably due to the presence 
of the high fouling potential cell surface organics. The addition of calcium to the AOM 
solutions led to a marked decrease in flux decline and reduction in membrane irreversible 
fouling due to the formation of AOM-calcium complexes which had lower fouling potential 
to the ceramic membrane. 
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Increase in AOM concentration in the feed water resulted in greater membrane fouling and 
poorer membrane reversibility. In the pH range of 6-9 for the feedwater, no apparent 
difference in flux decline and membrane reversibility was observed. Higher ionic strength 
caused higher flux decline and lower membrane reversibility due to the reduction of the 
repulsion between AOM molecules and alteration of the AOM molecule shapes under high 
ionic strength environment, which would enhance the compactness of the foulant layer. A 
higher TMP condition would result in higher flux decline and lower membrane reversibility, 
which was due to the compressed AOM foulant layer. 
 
10.2 Contribution of the AOM components to the membrane fouling 
The role of the AOM components contributing to the ceramic MF membrane was 
investigated by using a 3-step membrane cleaning approach, which separated foulants 
attached on the membrane into 3 different layers (i.e. outer layer, middle layer and inner 
layer).  The majority of the flux decline was attributed to the deposition of a large amount 
of very high MW substances including carbohydrates and proteinaceous compounds on the 
membrane surface forming an outer fouling layer. These compounds were overall 
hydrophobic in property, which facilitated the formation of a dense and thicker layer on 
membrane surface due to hydrophobic interactions between the organic molecules. The 
outer fouling layer could also entrap some medium and low MW molecules during the 
filtration, which also contributed to the severe flux reduction. However, these AOM 
components would only loosely attach on the membrane, since the hydrophilic nature of the 
ceramic membrane surface would make them easily detached by an applied tangential 
hydraulic force. The major component residing in the middle layer was high MW 
hydrophilic substances (MW~ 10,000 Da), where they could enter the membrane pores due 
to their hydrophilic nature. The middle layer had only very limited contribution to the flux 
decline. The inner fouling layer was dominated by high MW and low MW substances. 
They could attach strongly to the inner structure of the membrane through the adsorption 
between the organics and the membrane materials, and irreversible plugging, resulting in 
hydraulically irreversible fouling.  
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10.3 Impact of the interaction between aquatic humic substances and AOM on the 
fouling 
The solution containing AOM and its mixtures with humic substance/NOM led to a similar 
flux reduction suggesting AOM was the major factor controlling the membrane flux 
performance. However, the mixtures of AOM and humic substances and NOM resulted in a 
marked increase in irreversible fouling, which was the result of the interaction between 
AOM and the humics. The addition of AOM to the solutions containing aquatic humic 
substances led to an increase in average molecular radius and the content of high MW 
compounds. It was shown that the UV-absorbing materials in the humics could bond with 
the AOM molecules to form higher MW/larger aggregates. It was also shown that the 
AOM-humic mixtures gave a more negative ζ potential than the individual compounds, 
which could imply that the electrostatic interactions between the organic compounds, and 
between the organic matter and the membrane, may play an important a role in the 
development of reversible and irreversible fouling on the ceramic membrane.  
 
10.4 Effect of the coagulation feed water pre-treatment 
Feedwater coagulation with four commonly used water treatment coagulants (i.e., alum, 
ACH, ferric sulphate and ferric chloride) led to marked fouling reductions in both the 
reversible and irreversible fouling at the optimal coagulant dosages. ACH, ferric chloride 
and ferric sulphate performed similarly in terms of flux decline, while alum gave a 
considerably lower reduction in flux decline. The enhanced membrane performance was 
primarily due to the effective removal of the very high MW biopolymers and hence the 
mitigation of the formation of a thick cake layer on the membrane surface. Among the 
tested coagulants, ACH appeared to be more cost effective in maintaining permeate flux 
and minimising irreversible fouling for the ceramic MF membrane. 
 
10.5 Effect of the UV/H2O2 feedwater pre-treatment 
Both the feedwater pre-treatments by UV/H2O2 and ACH coagulation achieved significant 
and comparable flux improvement, however coagulation performed better in the mitigation 
of irreversible fouling. The breakdown of very high MW biopolymers and hydrophobic 
compounds into smaller molecules was the major mechanism for UV/H2O2 feedwater pre-
treatment in improving the permeate flux. However, the resultant additional lower MW 
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compounds could lead to their accumulation in the membrane inner pores, causing lower 
flux recovery. UV/H2O2 oxidation process could completely degrade the microcystin in the 
feedwater, whereas coagulation with ACH was unable to remove those compounds 
 
10.6 Implications 
• Monitoring algal growth in the reservoirs and the content of soluble AOM at the 
inlets of water treatment plants can be important for the effective prediction of 
fouling and implementation of maintenance measures for ceramic membrane 
systems during cyanobacterial blooms. 
• Removal of cyanobacterial cells by a loose MF pre-filter (e.g., 5 µm) may mitigate 
membrane fouling due to the reduction of the cell surface organic matter. A periodic 
cross-flow flush may be a simple, and likely a more cost-effective method, than 
backwashing to restore the permeate flux for the AOM fouled ceramic membranes. 
• The presence of AOM in the influent containing humic substances can result in 
markedly increased hydraulic irreversible fouling, and hence the need of higher 
frequency chemical cleaning to restore membrane flux performance.  
• The cost of feed pre-treatment using ACH, ferric chloride and ferric sulphate was 
fairly comparable (i.e. $ 0.03, $ 0.02 and 0.04 kL-1, respectively). However, ACH 
caused less drop in pH for the feed water than the iron based coagulants, which 
would minimize the cost for the necessary pH adjustment in water treatment 
processes. As such, ACH is recommended as a more effective coagulant in 
maintaining the performance of the ceramic MF membrane systems during 
cyanobacterial blooms.   
• UV/H2O2 feedwater pre-treatment may be used as an alternative means to 
coagulation for improving the MF flux, when there is a need to use it  to remove  
algal toxins in feedwater. However, more frequently chemical cleaning may be 
required, as it could lead to greater hydraulically irreversible fouling potential 
compared with coagulation pre-treatment.  
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10.7 Recommendations for future work 
• This study demonstrated that the very high MW biopolymers were the major 
component determining the severity of the flux decline during the MF of AOM. 
More detailed characterisation of this component in terms of its physical-chemical 
properties would be needed for identifying the major factors determining its fouling 
potential, which would be essential in developing better fouling control strategies. 
• More sophisticated EEM data processing approaches such as PARAFAC modelling 
may be utilised in future studies in order to more accurately interpret the EEM 
spectra of AOM.  
• A better understanding of the mechanism of coagulation in removing the AOM 
from the feedwater (such as complex binding and charge neutralization) and the 
coagulation floc properties would be required. This would help the design a better 
coagulation-MF process to maximize the cost effectiveness. The fate of other 
compounds derived from cyanobacterial blooms such as geosmin and MIB should 
be studied in order to provide a more comprehensive evaluation of the impact of the 
AOP feedwater treatment on water quality. 
• In addition to the AOM released from stationary, the comparison of the 
effectiveness of coagulation and UV/H2O2 on MF during different algae growth 
phases may also be needed. This would provide  more comprehensive knowledge 
about the  feedwater pre-treatment strategies and hence help to develop cost-
effective management options for the fouling issues during the different stages of 
cyanobacterial blooms in water catchments.  
• Since this study was conducted with the lab-scale rigs, pilot scale filtration trials 
may be required to verify the findings from this work. 
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Appendix A. MLA nutrient medium preparation 
(Bolch and Blackburn, 1996) 
Stock Solutions: 
1. MgSO4·7H2O 4.94 g / 100 mL 
2. NaNO3 8.50 g / 100 mL 
3. K2HPO4 1.392 g / 200 mL 
4. H3BO3 0.247 g / 100 mL 
 
5. Vitamins 
Working Stock Solution 
To 100 mL of Milli-Q water, the following was added: 
Biotin 0.05 mL primary stock 
Vitamin B12 0.05 mL primary stock 
Thiamine HCl 0.01 g 
 
Primary Stocks (per 100 mL Milli-Q H2O) 
Biotin 0.01 g 
Vitamin B12 0.01 g 
 
6. Micronutrients 
Stock Solution [100 mL] 
To 80 mL of Milli-Q water, each of the following constituents was added separately, and 
mixed to dissolve after each addition: 
Na2EDTA 0.436 g (added first & stirred on low heat to fully dissolve) 
FeCl3.6H2O 0.1625 g 
NaHCO3 0.060 g 
MnCl2.4H2O 0.036 g 
then 1 mL of each of the following primary stocks was added: 
 
Primary Stocks (per 100 mL Milli-Q H20) 
CuCl2.2H2O 0.0683 g 
ZnCl2 0.1043 g 
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CoCl2.6H2O 0.10 g 
Na2MoO4.2H2O 0.06 g 
Finally, the micronutrient stock was made up to 100 mL with MilliQ water 
If precipitate formed the pH was increased to 7 
7. NaHCO3 1.69 g / 100 mL 
8. CaCl2.2H2O 2.94 g / 100 mL 
 
All solutions were stored at 4oC. 
 
MLA nutrient stock preparation: 
1. Preparation of Sterile MLA Medium (1000 mL) 
To 560 mL Milli-Q water the following was added 
MgSO4.7H2O 40 mL 
NaNO3 80 mL 
H3BO3 40 mL 
Vitamin stock 40 mL 
Micronutrient stock 40 mL 
The solution was then autoclaved (121oC for 20 min) to sterilize. 
After autoclaving, 200 mL of K2HPO4 was added by sterile filtration (0.22 µm) 
 
2. Preparation of Sterile NaHCO3 (100 mL) 
To 100 mL of H2O 1.69 g of NaHCO3 was added and the solution autoclaved (121oC for 20 
min) to sterilize. 
 
MLA nutrient medium preparation for algal culturing: 
To prepare an algal culture of 1000 mL, add: 
Milli-Q water 963 mL 
Sterile MLA Medium 25 mL 
Sterile NaHCO3 1 mL 
Sterile CaCl2.2H2O 1 mL 
Algal culture 10 mL 
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Appendix B. Relationship between OD684 and algal cell concentration 
 
Fig. B1 Plot of M. aeruginosa cell count vs OD684 value 
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Appendix C. Characteristics of the ceramic membranes 
 
Table C1 Characteristics of the ceramic membrane for single-cycle MF 
Membrane Parameter  
Surface material ZrO2-TiO2 
Support material TiO2 
Channels 7 
Out/in diameter 10 mm with 7 channels of 2 mm hydraulic diameter 
Pore size 0.14 µm 
Length 604 mm 
Surface area 0.032 m2 
Breaking pressure >80 bar 
Running pressure 10 bar max 
pH range 0-14 
Process temperature < 300 oC 
 
Table C2 Characteristics of the ceramic membrane for multi-cycle MF 
Membrane Parameter  
Surface material α-alumina 
Support material alumina 
Channels 1 
Out/in diameter 10 mm / 7 mm  
Pore size 0.1 µm 
Surface area 0.005 m2 
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Appendix D. Example of data processing for a filtration experiment 
 
Date of experiment: 09 Nov 2012 
Membrane type:  MF ceramic (0.1µm, ZrO2-TiO2), filtration area = 0.032m2 
Filtration mode: single cycle, dead end 
Sample: AOM 3 mg L-1 
Operating conditions: transmembrane pressure = 70 kPa, temperature = 22 ºC 
 
1. Filtration of deonized water using a virgin membrane – Determination of pure water flux 
of the virgin membrane J0 
 
Table D 1. Flux data for the determination of the virgin membrane’s pure water flux 
Time, t (min) 
Permeate flow rate (mL 
min-1) 
Flux, (LMH) 
0 0 - 
1 116 217.5 
2 112 210 
3 115 215.625 
4 113 211.875 
 
J0 = Average of the last 2 flux data  
J0 = 213.75 L m-2 h-1 = 0.059375 L m-2 s-1 
 
  
Hydraulic resistance of the virgin membrane (Rm):  
mR = 
0J
P
µ
∆
=
 )s  m0.059375(L).(000958.0
)(000,70
1-2-×sPa
Pa
= 1.23 × 1012 m-1 
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Table D 2. Flux data from the filtration test with AOM solution 
Time, t 
(min) 
Flow rate 
(mL min-1) 
Flux, J 
(L m-2 h-1) 
Normalised flux, 
J/J0 
0 0 213.75 (= J0) 1 
1 80 150 0.714286 
2 74 138.75 0.660714 
3 67 125.625 0.598214 
4 59 110.625 0.526786 
5 55 103.125 0.491071 
6 52 97.5 0.464286 
…   … 
85 16 30 0.142857 
90 15 28.125 0.133929 
 
Clean water flux after the end of the filtration run (Ja):  
a
J
 = 30 L m-2 h-1 = 0.00833 m3 m-2 s-1 
Resistance by total fouling (
total
R ):  
total
R = 
m
a
R
J
P
−
∆
µ
= )(m10 1.23
)(0.00833).(000958.0
)(000,70
1-12
123
×−
× −− smmsPa
Pa
 
     = 7.54 × 1012 (m-1) 
 
 
 
 
 
 
 
 
 
 
 
